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particular  sensation,  remaining  so  for  a  length  of  time  depending  on 
the  wave  length  of  the  fatiguing  color.  The  recover)'  of  the  retina 
was  most  rapid  from  tiie  red  and  least  from  the  violet.  By  this 
method,  Burch  confirmed  the  fundamental  color  sensations  of  the 
Young-Helmholtz  theorj',  but  in  addition  claimed  evidence  for  be- 
lieving blue  to  be  a  fourth  sensation. 

It  was  suggested  to  the  writer  that  a  combination  of  this  method 
with  that  of  Ferr\'  would  probabl)'  lend  itself  to  a  more  conclusive 
determination  of  the  fundamental  color  sensations. 

Description  oi'  ArPAR.\Tus  and  Method  of  Observation. 

The  apparatus  consisted  of  a  Browning  two-prism  spectrometer, 
a  small  motor  with  a  disc  attached,  and  an  arrangement  for  register- 
ing the  speed  of  the  latter.  An  acetylene  flame  in  a  "  Perfection  " 
burner  was  the  source  of  light,  which  gave  a  brilliant  spectrum  of 
considerable  dispersion.  The  gas  was  supplied  to  the  burner  at  a 
constant  pressure.  As  the  rotation  of  the  disc  caused  air  currents 
which  disturbed  the  flame,  it  was  found  necessar)'  to  place  the 
burner  on  a  shelf  attached  to  the  wall  at  some  distance  behind  the 
motor,  and  to  focus  the  light  on  the  slit  by  means  of  a  lens.  No 
flicker  couKl  be  seen  in  the  spectrum  except  that  due  to  the  motion 
of  the  disc,  which  rotated  in  the  path  of  the  rays  of  light  between 
the  lens  and  the  slit.      As  the  disc  hatl  .i'*  te  sectors  of  90  de- 
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Fig.  1. 

grees  cut  out,  the  duration  of  a  single  flash  o{  light  was  therefore 
one  quarter  of  the  time  of  a  complete  revolution.  The  general 
diagram  of  the  apparatus  is  shown  in  figure  i.  The  speed  of  the 
motor  was  regulated  by  means  of  a  simple  form  of  brake  (see  fig- 
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ure  2),  made  by  passing  a  strip  of  leather  over  the  smooth  groove 
in  the  thumb  screw  that  held  the  disc  on  the  axle  of  the  motor. 
One  end  of  this  leather  was  fastened  to  a  spiral  spring  screwed  to 
the  tabic  ;  the  other  had  a  long  cord  attached  which  was  wound 
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Fig.  2. 

round  a  long  brass  rod  turning  in  a  friction  socket,  also  screwed  to 
the  table.  By  turning  this  rod  the  string  could  be  wound  or  un- 
wound, and  the  friction  of  the  leather  on  the  axle  of  the  motor  in- 
creased or  decreased.  With  this  simple  friction  brake,  the  motor 
could  be  maintained  constant  at  any  speed  from  zero  up  to  1800 
revolutions  per  minute  for  a  period  of  several  hundred  revolutions. 
To  record  automatically  the  speed  of  the  disc  a  small  hand 
speed-counter  was   clamped  in   a  position   so   that  its   rubber   tip 


Fig.  3. 

pressed  firmly  against  the  rear  end  of  the  axle  of  the  motor  (fig. 
3).  The  rubber  tip  served  to  prevent  the  relative  slipping  of  motor 
and  speed-counter,  and  to  insulate  the  latter,  which  was  necessary 
as  it  carried  a  current.     The  small  index  on  the  counter  was  re- 
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placed  by  a  loiifj  diametral  arm,  the  ends  of  which  in  turn  closed 
the  primary  circuit  of  an  induction  coil  at  every  fiftieth  revolution 
of  the  motor.  The  secondary  circuit  of  tiiis  coil  passed  through 
metal  parts  of  a  chronograph,  with  a  narrow  spark  gap  at  the  sur- 
face of  the  cylinder.  At  everj'  fiftieth  revolution  of  the  disc,  there- 
fore, a  spark  perforated  a  piece  of  paper  carried  on  the  cylinder. 
The  pendulum  of  a  clock,  by  a  mercury  contact,  closed  the  primary 
circuit  of  another  coil  every  second,  and  similar  perforations  were 
made  at  these  intervals  on  the  same  piece  of  paper.  The  time  of 
fifty  or  one  hundred  revolutions  of  the  disc  could  then  be  easily 
measured,  and  the  duration  of  the  flashes  of  light  on  the  retina 
computed.  In  order  to  have  the  registering  apparatus  completely 
and  conveniently  under  the  control  of  the  experimenter,  the  primary 
circuits  of  both  coils  ran  to  a  double  mercury  key  within  easy  reach. 
At  the  proper  moment  both  circuits  were  closed  simultaneously,  and 
the  clock  and  motor  automatically  made  their  records  for  whatever 
length  of  time  was  necessar}'. 

The  method  of  taking  observations  was  as  follows  :  By  means  of 
a  diaphragm  in  the  eye-piece  of  the  spectrometer  a  narrow  portion 
of  the  spectrum  was  isolated.  The  motor  was  then  started  at  such 
a  speed  that  the  flickering  of  the  narrow  band  became  quite  distinct. 
By  relaxing  the  friction -brake,  the  speed  was  gradually  increased 
until  the  flickering  just  disappeared  and  a  uniform  band  of  color 
was  presented  to  the  eye.  The  speed  of  the  motor  was  then  kept 
constant  while  the  circuits  were  closed  and  the  clock  and  speed- 
counter  made  their  records.  Generally  the  time  sufficient  for  one 
hundred  revolutions  of  the  disc  was  recorded  as  being  most  con- 
venient for  purposes  of  computation.  A  little  practice  enabled  one 
to  complete  a  setting  in  half  a  minute.  Where  greater  accuracy 
was  required,  the  slight  tiring  effect  was  avoided  by  making  the 
first  adjustments  with  the  left  eye.  after  which  the  setting  could  be 
obtained  by-  the  right  eye  with  an  exposure  of  less  than  half  the 
time  mentioned.  After  each  observaion  in  the  case  of  the  normal 
curves,  the  eye  was  rested  in  diff  .sed  daylight  for  at  least  ten 
minutes.  Two  and  sometimes  more  settings  were  made  at  each 
part  of  the  spectrum  ;  and  so  constant  were  the  different  adjust- 
ments of  the  apparatus,  the  intensity-  of  the  light,  and  the  sensitive- 
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ness  of  the  eye,  that  observations  taken  at  different  times,  and  even 
on  different  days,  differed  from  the  mean  value  by  less  than  two  per 
cent. 

The  room  within  which  the  apparatus  was  set  up  was  dark,  and 
all  extraneous  light  was  excluded  ;  the  only  illumination  being  due 
to  such  light  as  escaped  through  the  screens  surrounding  the  acety- 
lene flame. 

To  reduce  the  circle  readings  of  the  spectrometer  and  thus  identify 
the  parts  of  the  spectrum  in  which  observations  were  made,  readings 
were  made  for  various  Fraunhofer  lines  and  a  calibration  curve  of 
the  usual  form  was  plotted. 

In  this  investigation  a  large  part  of  the  work  done  was  with  the 
eye  fatigued  with  variously  colored  light.  In  order  to  conveniently 
attain  this  object,  a  plan  was  adopted  differing  from  that  described 
by  Burch  in  the  paper  already  cited.  In  the  dark  room  an  arc  light 
was  placed  on  a  stand  in  front  of  which  hung  a  dark  cloth  curtain. 
Light  passing  through  a  hole  in  this  was  focused  by  a  lens  upon 
the  slit  of  a  large  direct  vision  spectroscope,  which  also  was  cali- 
brated, so  that  the  wave  length  of  the  fatiguing  light  could  be 
found.  A  diaphragm  in  the  eyepiece  cut  off  all  the  brilliant  arc 
spectrum  except  a  narrow  band  about  two  millimetres  in  width  of 
the  required  color.  The  intensity  of  the  light  also  rendered  a  very 
narrow  slit  possible,  thus  increasing  the  purity  of  the  spectrum. 
The  eye  was  fatigued  by  allowing  a  narrow  band  of  any  pure  color 
from  this  spectrum  to  fall  upon  the  center  of  the  retina  for  at  least 
five  minutes,  a  length  of  time  found  sufficient  to  give  the  degree  of 
fatigue  desired.  This  accessory  apparatus  was  so  placed  that  when 
the  eye  had  become  fatigued  the  observer,  by  simply  turning  in  his 
chair,  could  make  the  setting  for  the  persistence,  as  described  above, 
without  any  loss  of  time,  and  before  the  eye  had  any  time  to  re- 
cover to  any  appreciable  extent  from  the  tiring  process.  In  taking 
a  series  of  observations  this  fatiguing  operation  was  repeated  before 
each  setting,  after  the  completion  of  which  the  recording  apparatus 
required  readjustment,  which  gave  the  eye  one  minute  rest.  No 
extended  rest  was  considered  necessary  during  the  progress  of  a 
series  of  measurements,  as  Burch  found  that  any  fundamental  color 
sensation  could  be  exhausted  without  affecting  the  others.     That 


No.  5]  PERSISTESCE   OF  VJS/O4V.  263 

this  statement  was  abundantly  justified  will  be  seen  upon  a  compar- 
ison of  the  normal  persistency  curves  with  those  obtained  for  the 
e)'e  when  fati^jued  with  various  colors.  The  observations  could 
therefore  be  taken  with  <;reat  rapidity. 

When  the  eye  was  fatigued  with  any  color,  a  piece  of  white  pai)er 
placed  where  the  white  li^jht  from  the  arc  fell  upon  it,  apixrared  of 
a  tint  always  complcmentar>'  to  the  color  affecting  the  eye.  This 
afforded  a  convenient  means  of  enablinj^  the  experimenter  to  deter- 
mine the  decree  of  exhaustion  of  the  retina. 

The  time  allowed  for  the  fatiguinj;  process  with  all  colors  was  about 
five  minutes.  The  uniformity  of  the  measurements,  for  some  of  which 
this  time  was  even  doubled,  seemed  to  indicate  that  with  light  of  a 
given  intensit)'  the  exhaustion  of  the  color  sensation  reached  a 
maximum  in  a  few  minutes,  and  that  further  exposure  produced  no 
effect.  The  following  experiment  served  to  confirm  this  inference* 
The  eye  was  exposed  to  a  band  of  pure  red,  the  center  of  which 
had  a  wave  length,  /  =  .6So«,  and  persistence  observations  were 
made  on  a  similar  band  of  red  the  center  of  which  had  a  wave 
length  /=.758/<.  Normal  persistence  =.0179  sec.  The  results 
are  as  follows : 

Time  of  fatigue.  Persistence. 

7  minutes.  .0195  sec. 

5        "  .0193    •' 

10       ••  .0188    •• 

20       "  .0188    " 

Less  than  a  minute  rest  was  allowed  between  the  readings  except 
for  the  last  which  was  made  two  da\'s  later.  The  e\e  accordingly 
was  under  a  continued  exhausting  stimulus  with  the  object  of  bring- 
ing about  a  greater  degree  o{  fatigue.  The  maximum  exhaustion 
was  apparentl)'  reached  in  seven  minutes,  though  the  other  values 
may  only  differ  by  an  experimental  error.  It  may  be.  however, 
that  the  bright  light  tires  the  retina  to  a  certain  degree  at  first,  after 
which  the  eye  adjusts  itself  to  the  new  conditions  and  partially  re- 
covers its  normal  condition.  The  above  values  would  indicate  this, 
though  sufficient  data  are  not  yet  available  to  establish  this  supposi- 
tion. In  any  case  the  retina  ultimately  reaches  a  point  of  equili- 
brium between  the  destructive  action  of  the  external  stimulus  and 
the  constructive  power  of  the  eye.      If  the  luminosit>*  of  the  source 


264 


FRANK  ALLEN. 


[Vol.  XI. 


of  light  is  increased,  the  degree  of  exhaustion  will  undoubtedly  be 
greater,  and  the  maximum  may  be  reached  in  the  same  or  even  in 

less  time. 

Normal  Persistency  Curves. 
The  first  persistency  curve 
obtained  was  the  normal.  As 
this  was  the  standard  with  which 
curves  for  abnormal  conditions 
of  the  eye  were  to  be  compared, 
the  readings  were  taken  with 
great  care  to  avoid  all  sources  of 
error.  The  eye  was  allowed  to 
rest  in  diffused  daylight  for  more 
than  ten  minutes  before  each 
reading.  The  values  of  this 
series  of  settings  are  given  in 
Table  I.  They  are  also  graphi- 
cally shown  in  Fig.  4,  in  which 
ordinates  represent  the  persist- 
ence of  vision  for  various  parts 
of  the  spectrum  in  seconds,  and 
abscissae  are  wave  lengths. 
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To  guard  against  error,  observations  with  the  eye  in  its  normal 
condition  were  frequently  made  to  see  if  any  change  had  taken 


Table  I. 

Normal  curve. 


place.  A  series  of  such  settings  taken  towards  the  latter  part  of  the 
investigation  is  given  in  Table  II.  Their  relation  to  corresponding 
readings  upon  the  original  normal  curve  is  indicated  by  X'?>  in  Fig. 
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5.     This  curve,  like  the  ones  given  by  Nichols  and  by  Ferr)'  in  the 
papers  cited,  shows  that  the  persistence  is  least  near  the  D  line  and 


Fig.  5. 

increases  towards  both  ends  of  the  spectrum.     The  cur\es  are  para- 
bolic in  form. 

Table  II. 

Supplementary  norma/  settingt. 


Wave  lensth. 

Pertittence. 

Wave  length. 
.533  u 

Persiatenc*. 

.400  « 

.0308  s«c. 

.0128  s«c. 

.410   •* 

.0272     " 

.620  " 

.0120     •' 

.438  " 

.0224     " 

.715  " 

.0152     " 

.475  " 

.0171    " 

.758  " 

.0183     " 

266 


FRANK  ALLEN. 


[Vol.  XI. 


It  was  accidentally  noticed  at  one  time  during~a  series  of  obser- 
vations, that  the  duration  of  visual  impressions  was  increased  when 
the  eye  had  been  resting  in  the  dark.  This  phenomenon  was  there- 
upon studied  in  some  detail.  Before  each  observation  the  eye  was 
allowed  to  rest  in  the  dark  room  in  which  the  experiments  were  be- 
ing conducted.  This  room  was  not  completely  dark,  as  the  walls 
could  be  dimly  seen,  owing  to  the  stray  light  from  the  acetylene 

Table  III. 

Persistence  after  exposure  to  varying  degrees  of  light  and  darkness  compared  with  "  nor- 
mal" persistence.  ^ 


Persistence  under  various  Conditions. 


400 

l^ 

410 

415 

438 

454 

475 

500 

533 

573 

620 

678 

715 

"   1 

758 

a  \  6  \  c 

Eye  rested  in  dark    Eye  rested  in  total  ' 

room.  darkness.  Eye  blindfolded. 


.0398 


.0246 

.0172 
.0140 
.0132 
.0133 
.0145 
.0171 
.0200 


.0390 
.0355 

.0284 

.0185 

.0140 
.0130 
.0132 
.0148 

.0211 


.0344 
.0323 

.0257 

.0187 

.0131 

.0125 


.0199 


V 


rf2 

Eye  "  normal  " 

(exposed  to  diffuse 

day  light). 


.0308 

.0285 
.0220 
.0196 
.0166 
.0147 
.0126 
.0120 
.0124 
.0140 


.0179   V 


flame.  The  results  are  given  in  column  a  of  Table  III.  After 
coming  out  into  the  light,  two  of  these  readings  were  repeated  and 
the  following  values  obtained  : 


Wave  length. 

.678  fi 
.620  " 


Persistence. 
.0132  sec. 
.0125     " 


On  comparing  these  with  the  values  given  in  Table  III  (a)  for  the 
same  wave  lengths,  the  difference  will  be  at  once  noticed. 

It  was  thought  that,  as  the  walls  of  the  dark  room  could  be  seen 
indistinctly,  the  eye  was  subject  to  a  strain  which  might  be   really 

'  Arrows  indicate  the  order  in  which  settings  were  made. 
*  Repeated  for  convenience  of  comparison  from  table  I. 
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fatiguing  it,  and  so  increase  the  i)ersistence  of  the  color  impressions. 
The  observations  were  accordingly  repeated,  this  time  with  the  pre- 
caution of  resting  the  e)'e  in  total  darkness.  The  results  are  given 
in  column  l>  of  Table  III. 

The.se  values  are  a  little  greater  in  the  red  than  the  correspond- 
ing ones  in  column  d,  but  the  two  curves  lie  \ery  close  together, 
as  will  be  seen  b)-  inspection  of  Fig.  5,  in  which  these  curves 
are  compared.  It  is  quite  evident,  therefore,  that  the  increased 
sensitiveness  of  the  retina  in  the  dark  increases  the  persistence  of 
vision,  which  is  just  the  opposite  of  the  anticipated  effect.  The  in- 
crease in  the  values  of  the  persistence  of  different  wave  lengths  is 
not  uniform,  being  about  15  per  cent,  greater  than  the  normal  in  the 
extreme  red,  1 1  per  cent,  in  the  j'cllow,  and  30  per  cent,  in  the  ex- 
treme violet.  This  result  harmonizes  with  a  statement  of  Parinaud,' 
who  found  that  "  the  increase  in  the  sensitiveness  for  light  which  is 
produced  on  a  retina  placed  in  the  dark,  is  not  ctjual  for  rays  01 
different  rcfrangibility."  He  further  states  that  this  is  true  for  all 
parts  of  the  retina  e.xcept  the  yellow  spot.  As  the  observations 
described  in  this  paper  extended  at  the  same  time  over  the  \-ellow 
spot  antl  surrounding  jiortions  of  the  retina,  it  is  noi  possible  to 
state  conclusively  whether  the  above  statement  is  confirmed  or  not. 
The  persistence  of  vision  being  a  function  of  the  sensitiveness  of  the 
retina  as  well  as  of  the  intensity  of  the  light  stimulus,  connects 
what  is  found  in  the  curves  just  described  with  the  observation  of 
the  French  writer. 

In  these  last  experiments  the  c\e  was  kept  open  while  being 
rested,  and  it  was  decided  to  further  test  the  supposition  that  the 
increased  values  of  the  duration  of  the  impressions  might  be  due  to 
the  strain  of  atiaptation  of  the  retina,  or  to  some  kind  of  muscular 
strain.  Vov  this  purpose  the  right  ej'c,  the  one  used  in  all  these 
experiments,  was  rested  by  being  closed  anil  blindfolded.  All 
muscular  strain  at  least  was  removed  in  this  way,  and  the  results, 
in  column  <-,  Tabic  III.  .show  that  a  different  condition  was  induced 
in  the  eye. 

These  values,  shown   graphically  with   the  others  in   Fig.  5,  arc 

'  M.  11.  PariiLiud,  I^e  1'  intcnsild  luinincusc  des  couleurs  .^ix'clralcs.  Comp.  Rcndus, 
Vol.  99,  1SS4,  p.  937. 


2  68  FRANK  ALLEN.  [Vol.  XI. 

intermediate  between  what  may  be  termed  the  ordinary  and  extra- 
ordinary normal  curves.  In  this  comparison  it  will  be  seen  that 
the  hypothesis  that  the  great  increase  in  the  duration  of  the  color 
impressions  is  due  to  some  kind  of  muscular  strain  is  substantiated 
partially,  since  the  elimination  of  that  possible  disturbing  factor 
brought  about  a  decrease  in  these  values.  There  still  remains  a 
substantial  increase  which  must  be  accounted  for,  the  most  obvious 
explanation  being  that  it  is  due  to  the  increased  sensitiveness  of  the 
retina.  This  curve  also  shows  that  the  increased  sensitiveness  of 
the  retina  is  unequal  for  waves  of  different  lengths,  the  increase 
above  the  normal  being  9  per  cent,  in  the  red,  5  per  cent,  in 
the  yellow  and  12  per  cent,  in  the  violet.  These  results  may 
be  looked  at  from  another  point  of  view.  According  to  the  Her- 
ing  theory,  the  sensation,  or  rather  the  lack  of  sensation,  black, 
has  the  power  of  assimilation  of  the  white-black  visual  substance. 
The  eye  in  its  normal  condition  is  under  the  mild  influence  of  day- 
light which  would  dissimilate  this  substance  to  a  certain  extent. 
Darkness,  being  the  absence  of  any  stimulus  of  the  retina,  permits 
the  restoration  of  the  white-black  substance  to  its  maximum  sensi- 
tiveness. In  case  this  is  the  explanation  of  the  phenomenon,  why 
should  the  restoration  of  this  visual  substance  affect  the  various 
colors  at  all,  and  especially  different  colors  in  different  degrees? 
Instead  of  the  visual  substances  of  the  Hering  theory  being  inde- 
pendent of  each  other,  some  connection  must  exist  between  them. 
Darkness  cannot  be  held  to  assimilate  simply  the  white-black  sub- 
stance, but  also  the  red-green  and  yellow-blue.  It  would  at  least 
be  supposed  that  if  restoring  the  white-black  substance  did  affect 
the  others,  that  it  would  affect  the  red-green  substance  equally  in 
both  red  and  green,  and  similarly  the  yellow-blue  substance.  But 
the  persistence  of  the  red  is  increased  9  per  cent.,  while  the  increase 
in  the  green  is  1 3  per  cent.  The  discrepancy  is  far  greater  in  the 
other  case,  as  the  increase  in  the  yellow  is  only  5  per  cent,  while 
in  the  blue  it  is  13  per  cent.  These  facts  can  hardly  be  said  to  be 
in  harmony  with  the  theory  in  question.  Similar  objections  can  not 
be  urged  against  the  Young-Hemholtz  theory,  since  it  does  not 
group  the  color  sensations  into  pairs  of  opposites,  nor  does  it  limit 
the  restoring  power  of  perfect  rest — darkness — to  counteracting 
any  specific  stimulus  of  the  retina. 
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We  have  found  so  far  tliat  the  persistence  of  vision  is  a  maximum 
for  all  colors  when  the  eye  is  rested  by  bein^  kept  open  in  total 
darkness.  The  values  fall  to  an  intermediate  position  when  the  eye 
is  rested  by  bein;^  blindfolded,  and  reach  a  minimum  when  the  rest 
has  been  ^Mven  in  diffused  daylight.  It  would  be  expected  that  a 
considerable  degree  of  exhaustion  of  the  retina  would  have  an  op- 
posite effect  to  that  we  have  been  discussing.  But  the  exix-riments 
now  to  be  described  show  that  the  opposite  is  the  case — that  fatigu- 
ing the  retina  causes  the  duration  of  the  color  impressions  to  in- 
crease again. 

Effect  of  Fatiguing  the  Retin.v  with  Various  Colors. 
Ritina  fatigued  icith  red. 

The  eye  was  fatigued,  as  described  in  the  first  part  of  this  paper, 
by  looking  at  an  isolated  portion 
of  a  brilliant  arc  spectrum  for 
about  five  minutes,  the  process 
being  repeated  before  every  ob- 
servation. The  condition  of  the 
retina  with  the  red  sensation 
partially  exhausted,  approxi- 
mates that  of  the  naturally  red- 
blind  person. 

In  this  process  a  band  of  color 
about  2  mn^  wide  was  used,  the 
center  of  which  in  the  case  of  red 
had  a  wave  length  /  =  .680  //. 

The  results  of  the  measure- 
ments of  the  duration  of  the  var- 
ious color  impressions  upon  the 
retina  in  this  abnormal  condition, 
are  exhibited  in  Table  IV,  and 
graphicall)'  in  Fig.  6,  in  com- 
parison  with   the   normal   curve. 
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Comparing  the  two  curves  in  Fig.  6,  it  is  seen  that  fatiguing  the 
eye  with  red  has  the  effect  of  increasing  the  persistence  of  that  color 
and  also  of  about  half  of  the  orange,  the  remainder  of  the  spectrum 
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being  unaffected  in  any  way.  The  persistence  of  the  red  is  increased 
by  8  per  cent.,  while  the  increase  in  the  same  portion  of  the  spec- 
trum when  the  eye  was  blindfolded  was  9  per  cent,  the  two  agree- 
ing within  the  limits  of  experimental  error.  The  Hering  theory 
would  certainly  lead  one  to  suppose  that  the  green  part  of  the  curve 

Table  IV. 

Eye  fatigued  with  red  (/-  =  .680  «. ) 


Wave  length. 

Persistence. 

Wave  length. 

Persistence. 

.400  fi 

.0293  sec. 

.533  fi. 

.0126  sec. 

.410  " 

.0292     " 

.573  " 

.0118     " 

.425  " 

.0265     " 

.620  " 

.0128     " 

.438  " 

.0230     " 

.657  " 

.0137     " 

.454  " 

.0194     " 

.678  " 

.0150     " 

.475  " 

.0172     " 

.758  " 

.0192     " 

.500  " 

.0143     " 

L- 


would  show  some  difference  from  the  normal.  A  glance  at  the  two 
curves,  however,  shows  a  perfect  agreement  between  them.  A 
similar  lack  of  accordance  of  the  experimental  data  with  the  antici- 
pations of  the  Hering  theory  will  be  frequently  noticed  in  the  re- 
mainder of  this  paper. 

It  is  to  be  noticed  that  the  red  sensation  can  be  exhausted  with- 
out affecting  in  any  way  the  remaining  sensations.  This  was  a 
matter  of  some  surprise  ;  for  upon  looking  at  the  acetylene  spectrum 
after  tiring  the  eye  with  red  of  the  much  more  brilliant  arc  spectrum, 
all  colors  were  apparently  equally  affected.  The  measurements 
showed  that  in  this  the  eye  was  deceived.  This  confirms  the  state- 
ment of  Burch  in  the  paper  previously  cited,  who,  however,  much 
more  completely  exhausted  the  color  sensations  than  the  author  of 
this  paper. 

Retina  fatigued  with  green. 

The  measurements  in  this  case  were  made  in  the  manner  already 
described,  but  with  the  retina  fatigued  by  a  pure  green  light  from 
the  arc  spectrum  {).  =  .520  /i.).  The  results  are  given  in  Table  V, 
and  graphically  in  Fig.  7. 

This  curve  shows  an  elevation  or  bunch  in  the  green  indicating, 
as  before,  an  increase  of  the  persistence  in  that  part  of  the  spectrum, 
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Wave  Ic   gth. 


Taijle  V. 

Fv/'  fctfit-lirJ  -..■ilh    'ri-fii   ('/.  -j  .520  it'\. 


Persistence. 


Wave  Uogth. 


Persistence. 


.400  u 

.0311 

sec. 

.512  fi 

.0150  sec. 

.415  " 

.0253 

"            J 

.533  " 

.0126     " 

.438  " 

.0206 

" 

.573  " 

.0120     " 

.460  " 

.0187 

"            1 

.620" 

.0125     " 

.475  " 

.0176 

" 

.678  " 

.0137     " 

.492  " 

.0164 

.758  " 

.0185     " 

due  to  the  tiring  process.     The    '" 
maxinuiin  increase  of  the  persist- 
ence of  tlie  green  is  about  i  2  per 

cent,  which  again  coincides  witli     

the  increase  in  the  persistence  of 
the  same  wave  length  when  the 
eye  was  bhndfolded.  The  curve 
coincides  witli  the  normal  in  the 
yellow  and  red,  but  runs  under 
it  in  the  blue  and  \iolet.  The 
Hering  theor)'  would  lead  us  to 
expect  the  cur\-es  to  differ  in  the 
red  ;  the  Voung-Helmholt/.  in 
both  violet  and  red  if  they  dif- 
ered  at  all.  For  if  one  sensation 
were  exhausted  it  is  possible  that 
the  intensity  of  the  remaining 
sensations  might  be  increased, 
producing  the  effect  noticed  in 
the  blue  and  \-iolet,  and  a  similar 
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effect  in  the  red.  The  same  phenomenon  will  be  noticed  in  two 
other  curves  (see  Figs.  8  and  9).  though  since  it  is  but  slight  it  may 
be  due  entircK'  to  experimental  errors. 


Retina  fati^iud  tvith  vioUt. 

The  following  values  were  obtained  when  the  eve  was  fatieued 
with  violet : 
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Table  VI. 

Eye  fatigued  with  violet  (/"^  =  .400  ^). 


Wave  length. 

Persistence. 

■Wave  length. 

Persistence. 

.403  // 

.0350  sec. 

.502  a 

.0122  sec. 

.410  " 

.0287     " 

.533  " 

.0110     " 

.423  " 

.0227     " 

.596  " 

.0109     " 

.434  " 

.0198     " 

.657  " 

.0125     " 

.443  " 

.0188     " 

.715  " 

.0149     " 

.454  " 

.0161     •' 

.758  " 

.0176     " 

.468  " 

.0149     " 

The  data  are  plotted  in  Fig.  8  in  comparison  with  the  normal 
curve.     The  only  part  of  the  curve  affected  is  the  violet,  which  shows 


Fig.  8. 


Fig.  9. 


results  similar  to  those  obtained  in  the  two  preceding  curves.  There 
is  an  almost  complete  coincidence  of  the  curves  from  the  blue  to 
the  middle  of  the  red,  the  fatigue  curve  then  falling  a  little  below 
the  normal.     This  illustrates  the  remarks  made  upon  a  similar  ef- 
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feet  obtained  in  the  abnormal  curve  for  ^rcen.  The  persistence  of 
the  violet  is  increased  by  27  j^er  cent.  These  three  curves  for  the 
eye  tired  with  rtd,  gn'en  and  violet  re.spectively,  are  of  the  same 
type,  having  one  elevation  which  occurs  in  the  j)art  of  the  curve 
corresponding  to  the  fatiguing  color. 

It  would  be  quite  natural  to  expect,  in  view  of  the  results  already 
discussed,  that  if  blue  and  yellow  are  fundamental  sensations  in  the 
same  sense  as  are  red  and  green  according  to  either  of  the  two  most 
widely  accepted  color  theories,  similar  elevations  of  the  curve  would 
be  produced  by  using  blue  and  yellow,  respectively,  as  fatiguing 
stimuli,  and  these  elevations  would  occur  in  the  corresponding  parts 
of  the  curves.  In  other  words  if  blue  and  yellow  are  fundamental 
sensations,  fatiguing  the  retina  with  these  colors  ought  to  affect 
these  color  sensations  and  no  others.  On  the  other  hand,  if  blue 
and  yellow  are  not  fundamental,  but  compounded  of  two  other  sen- 
sations, then  fatiguing  with  one  of  these  ought  not  to  show  any 
effect  in  the  part  of  the  curve  corresponding  to  that  color,  but 
should  cause  the  elevations  in  the  cur\'e  in  the  parts  of  the  spectrum 
corresponding  to  those  fundamental  sensations  which  are  affected. 
The  latter  is  found  to  be  the  case. 

Retina  fatigued  icit/t  blue. 
Table  VII  shows  the  results  obt:uncd  when  the  retina  was  exposed 


to  blue  light. 

T.\nLE    VII. 

Retina  fatigued 

with  blue  (>.  =  .440  fi). 

Wave  length. 

Peraistence. 

Wave  length. 

PersiBtence. 

.400  \i 

.0320  sec. 

.498  fi 

.0136! 

sec- 

.405  •' 

.0295 

II             .525  " 

.0122 

.414  " 

.0267 

.550  '« 

.0111 

.425  " 

.0235 

.580  " 

.0105 

.435  " 

.0207 

.612  " 

.0107 

.444  " 

.0191 

II             .625  " 

.0110 

.455  " 

.0166 

.675  " 

.0129 

.467  " 

.0151 

'• 

.715  " 

.0143 

.480  " 

.0143 

*  i 

.758  " 

.0182 

'  ' 

These  values  will  be  found  plotted  in  Fig.  9  in   comparison  with 
the  normal  curve.     In  the  part  corresponding  to  the  blue,  the  two 
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curves  coincide,  showing  that  in  this  region  the  persistence  has  not 
been  changed  by  the  fatiguing  process.  The  persistence  has  how- 
ever been  increased  in  both  the  green  and  violet,  which  is  shown  by 
the  elevation  of  those  parts  of  the  curve.  In  this  case  the  increase 
in  the  green  is  lo  per  cent,  while  for  the  eye  fatigued  with  green  it 
was  12  per  cent.  The  increase  in  the  violet  is  i6  per  cent,  against 
27  per  cent,  for  the  case  when  the  eye  was  fatigued  with  violet. 
The  readings  in  the  extreme  violet  were,  however,  subject  to  a 
greater  experimental  error,  as  the  illumination  of  that  part  of  the 
spectrum  was  comparativ^ely  feeble.  The  curve  obtained  for  the 
eye  exhausted  with  blue,  is  therefore  practically  the  superposition 
of  the  green  and  violet  curves.  The  deduction  is  obviously  that 
the  sensation  of  blue  is  the  consequence  of  the  excitation  of  the 
sensations  of  green  and  violet.  It  will  be  noticed  that  the  blue 
curve  runs  under  the  normal  in  the  red,  a  phenomenon  observed  in 
two  previous  curves.  This  is  shown  best  in  the  violet  curve,  where 
the  abnormal  runs  under  the  normal  in  both  green  and  red,  indicat- 
ing that  when  the  retina  has  been  exposed  to  violet  this  sensation 
is  exhausted,  but  the  other  fundamental  sensations  red  and  green, 
are  rendered  a  little  more  acute. 


Retina  fatigued  tvith  yellow. 

We  have  now  to  examine  the  results  obtained  when  the  fatiguing 

color  was  yellow.     The  arc  spectrum  was  dispensed  with   in  this 

case,  and  the  arc  was  replaced  by  a  sodium   flame.     The  yellow 

sodium   light  was   of  sufficient  intensity  to  fatigue  the  eye  which 

was  placed  at  the  focus  of  a  lens.      The  following  results   were 

obtained  : 

Table  VIII. 

Retina  fatigued  with  yellow  (/I  =  .589  [J.). 


Wave  length. 

Persistence. 

^Vave  length. 

Persistence. 

.400  11 

.0312  sec. 

.533  /i 

.0143  sec. 

.415  " 

.0302     " 

.573  " 

.0124     " 

.438  " 

.0236     " 

.620  " 

.0124     " 

.454  " 

.0205     " 

.647  " 

.0128     " 

.475  " 

.0177     " 

.678  " 

.0140     " 

.492  " 

.0163     " 

.715  " 

.0164     " 

.512  " 

.0155    " 

.758  " 

.0201     " 
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This  curve,  plotted  in  Fig.  10,  in  comparison  with  the  normal 
cur\'e,  shows  the  yellow,  blue  and  \iolct  regions  to  be  unaffected, 
while  ele\'ations  were  produced  in  t'lie  green  and  red.  The  whole 
curve  is  a  little  above  the  normal,  which  is  probably  due  to  a  slight 
change  in  the  pressure  of  the  gas  making  the  spectrum  a  little  less 
luminous.     The  maximum  increase  *',c  persistence   of  red  im- 

pressions in  this  case  is  10  per  cent.,  \siuic  in  the  case  of  exposure 
to  red  it  was  8  per  cent.  This  ma\-  be  compared  also  with  the  in- 
crease in  the  red  when  the  eve  was  blindfolded,  which  amounted  to 
9  percent.  In  the  yellow  curve  the  increase  in  the  green  is  12  per 
cent,  which  is  exactly  the  same  as  in  the  green  curve.  The  position 
of  the  maximum  in  the  two  cases  is  however  not  the  same. 

Yellow  light,  therefore,  has  the  same  effect  on  the  retina  as  red 
and  green  together,  and  it  must  be  concluded  that  the  sensation  of 
yellow  is  due  to  a  simultaneous  disturbance  of  the  red  and  green 
visual  apparatus.  Whatever  may  be  the  "  deliverances  of  conscious- 
ness" as  to  the  purit)-  of  blue  and  \'ellow,  in  the  light  of  experiment 
we  are  forced  to  conclude  that  they  are  not  fundamental  but  com- 
pound sensations,  as  far  at  least  as  their  effect  on  the  retina  is  con- 
cerned. Further  than  that,  this  paper  does  not  pretend  to  deal 
with  them. 

Retina  fatigued  'citJi  'wltitc  light. 

Having  successively  fatigued  the  retina  with  five  well-defined 
spectral  colors  with  the  interesting  results  described,  some  curiosity 
was  evinced  as  to  the  probable  effect  of  tiring  the  retina  with  all 
wave  lengths  at  once,  that  is  with  white  light.  I'Vom  the  stand- 
point of  the  Voung-Helmholtz  theor}-,  it  was  thought  that  the  curve 
in  this  case  should  show  three  elevations  ;  in  the  red,  the  green  and 
the  violet.  On  the  other  hand,  assuming  the  truth  of  the  Mering 
theory,  the  white  light  would  affect  the  white-black  nsual  substance 
which  is  independent  of  the  other  two.  Color  sensations  afTecting 
the  like-wise  independent  red-green  and  yellow-blue  substances 
should  accordingly  show  no  change  in  persistence.  The  result 
does  not  confirm  cither  expectation.  To  accomplish  the  fatiguing 
of  the  retina,  the  white  light  from  the  arc  passed  through  a  lens 
and  fell  upon  a  piece  of  white  paper  placed  at  a  little  distance  from 
the  focus.     The  round  spot  of  light  was  partly  transmitted  and  fell 
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upon  the  retina  for  the  usual  time  of  five  minutes.  A  series  of  after 
images  followed  which  threatened  to  interfere  with  the  accuracy  of 
the  observations.     Upon  looking  at  the  portion  of  the  spectrum  in 
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Fig.   11. 


the  field  of  view,  it  appeared  as  if  seen  through  a  hazy  light  of 
varying  color.  For  the  first  few  seconds  this  after  image  was  of  a 
faint  yellowish  tint  which  gradually  deepened  into  an  intense  yellow 
completely  obscuring  the  spectrum.  The  first  hazy  tint  could  be 
easily  restored  by  winking,  and  this  enabled  the  observer  to  take 
the  readings  always  under  the  same  conditions.  The  results  given 
in  Table  IX,  are  so  uniform  as  to  inspire  belief  in  their  accuracy. 

These  data  are  plotted  in  figure  1 1  in  comparison  with  the  normal 
curve.  The  curves,  it  will  be  noticed,  are  approximately  parallel, 
indicating  no  elevations  in  any  part.  Apparently  this  does  not  con- 
firm the  Young-Helmholtz  theory  of  the  sensation  of  white.  The 
fact  that  the  persistence  of  all  the  color  sensations  is  increased  shows 
an  interdependence  of  the  visual  substances  not  provided  for  by  the 
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Hering  theory.  But  at  any  rate  the  curve  seems  to  indicate  the  ex- 
istence of  a  white  sensation  partially  connected  with  and  partially 
distinct  from  the  fundamental  color  sensations.    Tliat  white  is  eitlier 


Table   IX. 

Eye  faligued  with  white  light. 

Wave  len^h. 

Ptrmstence.                        Wmve  length. 

.0337  s€c.          ,              .573  « 

PersiatcDce. 

.410  IX 

.0124  sec. 

.438  •' 

.0247    " 

.620  " 

.0126    •• 

.475  •• 

.0193    " 

.678  " 

.0142    *• 

.492  •• 

.0169   '• 

.715  •• 

.0161    " 

.512  " 

.0144    " 

.758  " 

.0205    '* 

.533  •• 

.0134    " 

an  independent  or  semi-independent  sensation,  is  claimed  by  Eb- 
binghaus  and  by  Mrs.  Franklin  in  their  theories,  and  Abney'  has  re- 
cently obtained  experimental  results  which  point  to  the  same  con- 
clusion. 

In  the  discussion  of  the  various  cur\'es  thus  far  considered  (Fig- 
ures 4  to  10),  the  percentage  increase  of  the  duration  of  color  im- 
pressions has  been  given.  For  greater  convenience  of  comparison 
these  values  have  been  brought  togetJier  in  the  following  table  : 

Table  X, 

Percentage  increase  in  the  Juration  of  color  impressions  when  the  eye  is  fatigued  by 
exposure  to  i>arious  colors.  , 


Regioa 

Color  of  the  fatig 

ue  stimulus. 

affected. 

Red. 

Green. 

Violet. 

Blue. 

Yellow. 

10% 
0 

White. 

9% 
5 

Bye  bUndfolded. 

Red. 
Vellow. 

0    0' 

0   ,0 

0 

0% 
0 

0% 
0 

0% 
0 

12% 
5 

Green. 

0 

12 

0 

10 

12 

13 

7 

Blue. 

0 

0 

0 

0 

0 

13 

10 

Violet. 

0 

0 

27 

16 

0 

12 

14 

When  it  is  remembered  that  the  value.-^  in  this  table  represent 
experimental  results  obtained  at  inter\*als  during  several  months, 
that  no  attempt  whatever  was  made  to  keep  the  e\e  in  a  condition 
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of  constant  sensitiveness,  and  that  the  conditions  under  which  the 
abnormal  states  of  the  retina  were  induced  varied  to  a  considerable 
extent  from  time  to  time,  the  results,  especially  in  the  red  and  green, 
show  a  uniformity  that  may  very  properly  be  considered  remarkable. 
It  can  be  no  mere  chance  agreement  of  results.  Certainly  the  retina, 
even  under  abnormal  conditions,  cannot  have  such  a  varying  sensi- 
tiveness as  is  generally  supposed.  The  values  do  not  differ,  for  each 
color,  by  more  than  the  presumable  experimental  error,  except  one 
value  in  the  green  and  one  in  the  violet,  which  v/ill  be  evident  on 
referring  to  the  table.  The  averages  of  the  tabulated  results  are  as 
follows  : 

Red,  9.75  per  cent. 

Yellow,  5  " 

Green,  10.8 

Blue,  11.5 

Violet,  17.2 

In  all  these  experiments  the  retina  has  apparently  been  brought 
to  a  maximum  abnormal  condition,  though  the  fatiguing  light  has 
been  of  varying  intensity.  There  are  not  sufficient  experimental 
data  yet  to  show  whether  greatly  increasing  the  intensity  of  the 
light  exhausting  the  retina,  will  increase  this  maximum  condition 
or  not,  though  it  is  anticipated  that  it  will. 

It  has  already  been  pointed  out  that,  when  the  retina  is  made  ab-^ 
normally  sensitive  by  being  kept  in  the  dark,  the  persistences  of  the 
various  color  sensations  are  unequally  increased.  The  same  is 
true  when  the  retina  is  fatigued ;  for  when  any  colors  have  their 
persistences  affected,  the  increase  is  unequal  in  different  parts  of  the 
spectrum,  in  all  cases  being  least  in  the  yellow  and  reaching  max- 
ima in  the  red  and  violet. 

Bearing  of  the  Foregoing  Results  Upon  Existing  Theories  of 

Color  Sensation. 

The  Hering  Theory. 

According  to  this  theory,  as  is  well  known,  the  color  sensations 
are  arranged  in  three  pairs,  red-green,  yellow-blue,  and  white-black. 
Since  the  first  sensation  in  each  pair  is  produced  by  the  dissimila- 
tion of  a  supposed  photo-chemical  substance,  which  exists  in  three 
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forms  to  correspond  to  the  three  pairs  of  color  processes,  it  would 
be  expected  that  all  being  affected  in  precisely  similar  ways  would 
show  similar  results.  One  would  also  expect  the  assimilating 
colors  to  show  opposite  effects.  Whatever  effect  is  produced  by 
fatiguing  the  retina  with  red,  an  exactly  similar  effect  should  be 
shown  with  the  yellow.  So  also  for  green  and  blue.  Reference  to 
the  curves  shows  that  red  has  an  elevation  in  the  red,  while  yellow 
gives  two,  neither  of  which  corresponds  to  that  color,  and  white 
gives  none,  or  rather  the  whole  curve  is  elevated  above  the  normal. 
Similarly  for  the  others — green,  has  one,  blue  two,  and  black  none, 
if  we  may  consider  the  curve  obtained  by  blindfolding  the  eye  as 
the  one  corresponding  to  black.  We  thus  have  three  types  of 
curves  for  the  three  pairs  of  color  sensations.  The  agreement  in 
number  is  the  chief  point  of  harmony  with  the  Mcring  theor)'. 

Analyzing  the  curves  more  particularly,  we  may  observe,  first, 
that  acting  on  the  red-green  substance  with  red  light  has  dissimilated 
it,  producing  a  characteristic  result.  Assimilating  this  same  sub- 
stance with  green  light  produces  a  similar  result  but  in  the  part  of 
the  curve  corresponding  to  green.  Certainl)'  the  theory  would  ex- 
pect each  operation  to  affect  both  red  and  green  parts  of  the  cur\'e, 
or  else  each  would  affect  one  and  the  same  part  but  in  dilTerent 
ways.  Violet,  too,  giving  a  result  similar  in  ever\'  way  to  those 
produced  by  red  and  green,  must  be  placed  on  an  equal  footing 
with  them,  and  whether  it  be  considered  as  a  dissimilation  or  an  as- 
similation color  its  opposite  must  be  found  in  the  spectrum.  l\x- 
hausting  the  retina  with  yellow  discloses  no  special  substance  that 
is  acted  upon,  but  elevations  are  produced  in  both  red  and  green. 
Translating  this  into  the  language  of  the  theon,-,  yellow  simultane- 
ously exercises  the  functions  of  both  red  and  green  to  the  same 
percentage  amount,  as  we  have  seen,  as  each  of  them  separately. 
Under  these  circumstances  a  balance  should  have  been  maintained  be- 
tween the  opposing  actions  oi  red  and  green,  which  should  iiave 
produced  a  curve  differing  in  no  respect  from  the  normal.  Suppos- 
ing however  that  the  action  of  the  yellow  stimulus  is  in  harmony 
with  the  requirements  of  the  theory,  exposure  of  the  retina  to  its 
assimilative  companion  blue  ought  to  counteract  the  effects  previ- 
ously produced.      Ivxperiment  shows  that  the  green  is  affected,  but 
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in  addition  the  violet  is  also  affected  which  was  not  disturbed  at  all 
by  the  yellow.  Further,  by  stimulating  the  retina  with  strong  yel- 
low and  blue  lights  alternately,  the  red-green  substance  could  be 
overbalanced,  and  red-blindness  induced  by  the  action  of  certain 
luminous  waves  which  according  to  theory  should  have  no  effect 
in  this  direction.  It  is  quite  evident,  therefore,  that  these  experi- 
mental results  are  antagonistic  to  the  theory  in  question.  The 
curves  obtained  when  the  eye  was  rested  in  the  dark  and  fatigued 
with  white  light  at  first  sight  seem  to  confirm  the  Hering  theory  ; 
but  since  in  both  cases  all  the  color  sensations  are  affected,  there 
must  be  an  intimate  connection  between  white,  black,  and  the  color 
processes.  This,  too,  is  not  in  harmony  with  the  provisions  of  the 
Hering  theory. 

The  Ebbinghaus  Theory. 

The  same  objections  will  also  apply  to  the  theory  of  Ebbinghaus,* 
which  is  practically  a  modification  of  that  of  Hering.  The  main 
difference  is  that  while  the  latter  postulates  three  visual  substances 
which  may  be  regarded  as  so  many  independent  variables,  the 
former  separates  these  substances  into  four  for  the  perception  of 
color  and  one  for  white,  making  in  all  five  independent  variables. 
The  fundamental  color  tones  in  this  theory  are  the  same  as  in  that 
of  Hering,  viz.,  red,  yellow,  green  and  blue,  two  of  which,  yellow 
and  blue,  have  been  shown  to  be  compound. 

The  Franklin   Theory. 

The  ingenious  color  theory  of  Mrs.  Franklin  ^  is  framed  partly 
from  the  physical  and  partly  from  the  psychological  standpoint. 
This  evolutionary  theory  regards  color-sense  as  a  development  out 
of  an  earlier  existing  gray-white  sensation.  Guided  only  by  the  re- 
quirements of  consciousness  the  fundamental  color  tones  would  be 
red,  green,  yellow  and  blue.  But  physical  experiments  have  ren- 
dered it  improbable  that  yellow  is  fundamental,  so  the  theory  is  re- 
solved into  a  three-color  one,  with  a  gray -white  sensation  in  addition. 
Consciousness  must  be  satisfied  with  only  a  part  of  its  demands. 

*  Ebbinghaus,  Theorie  des  Farbensehens.  Zeitschrift  fiir  Psychol,  und  Phys.  der 
Sinnesorgane,  Bd.  V.,  Heft  3,  1893. 

2C.  L.  Franklin,  On  Theories  of  Light-Sensation,  Mind,  Vol.  2,  N.  S.  No.  8, 
1893- 
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The  experiments  described  in  this  pajx'r  are  equally  fatal  to  both 
blue  and  )"ellow  as  fundamental  sensations,  but  can  be  considered 
hostile  to  this  theory  only  as  regards  the  blue.  Mrs.  Franklin 
mij^ht  then  go  one  step  farther  and  assume  the  Voung-Helmholtz 
color-sensations  b\'  the  substitution  of  violet  for  blue. 

Tlie    Yoiing-lhlinlioltz   T/ifory. 

The  experiments  we  have  described  arc  plainly  seen  to  harmonize 
120- 
no 
100 

90 


120 
110 


100 


po 


120 

gno 

2|00 
90 


UO 

no 

)00 
90 


T 

1 

1            i                       1            '            1 

_.    y^'^^-^ 

VEilOw 

— 

1: 

1 

'           I 

1           ( 

1 

i 
1 

'  ^    '    ,-^--^ 

I    .    ' 

.           .1      _ 

. 

1    1 

1            1            i 

1 

Kl 

1           1           i 

Ns 

\.^ 

/ 

\^ 

1               '               1               ^               1 

BLUf 

1 

1           1 

J 

1           I           1 

'     1     ; 

1 

1     1 

^ 

^ 

i 

/ 

^  i    X       : 

CRttK' 

^^^ 

i        1       !       1       1              11 

120  \ 


no 


100 


X 


TMt   SOfl"*L  CURvt   If 
:    TMt  $TRAIOMT  U*I 


itO'vCT 


1 1 


_L 


E 
_L_ 


0 

_L- 


-L_l. 


a 


.40/i 


.50 


.eo 


,70 


Fig.   12. 


complete!)-  with  tiie  fundamental  color  processes  of  the  Voung-Helm- 
holtz  Theory.      Red,  green  and  violet  being  these  fundamental  sen- 
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sations  erive  characteristic  results  in  an  abnormal  condition.  Yellow 
and  blue  are  both  compounded  of  two  other  sensations,  and  experi- 
ment shows  the  theory  verified.  Rest  in  the  dark  makes  all  sensa- 
tions more  sensitive,  which  is  shown  by  the  curve  obtained  under 
this  condition.  The  curve  obtained  for  the  action  of  white  light, 
however,  cannot  be  disposed  of  so  easily,  and,  as  before,  we  must 
consider  it  as  evidence  in  support  of  a  white  sensation.  There  are 
many  other  color  theories  ;  but  these  we  have  considered  may  be 
considered  typical  of  all. 

At  the  suggestion  of  Dr.  Nichols  these  curves  have  been  drawn 
in  another  way  which  shows  the  deviations  of  the  abnormal  from 
the  normal  curves  in  a  much  more  striking  manner.  All  parts  of 
the  normal  curve  are  reduced  to  the  same  ordinate,  making  that 
curve  a  straight  line  parallel  to  the  axis  of  abscissae.  The  corre- 
sponding values  of  the  abnormal  curves  are  then  reduced  in  the  same 
ratio  and  these  ratios  plotted.  For  convenience  the  ordinate  of  the 
normal  curve  is  taken  as  lOO.  The  variations  from  the  normal, 
discussed  in  the  preceding  pages,  are  much  more  evident  especially 
in  the  parts  corresponding  to  the  blue  and  violet  regions  of  the 
spectrum.      It  is  evident  that  this  is  a  representation  of  what  would 
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actually  have  been  obtained,  had  all  parts  of  the  spectrum  possessed 
the  same  luminosity. 

Only  those  curves  obtained  when  the  eye  was  fatigued  with  vari- 
ous colors  and  with  white  light  are  so  reduced,  as  the  others  do  not 
show  their  characteristics  any  better  by  this  method.  The  five 
color  curves  are  plotted  together    for  comparison  in  Fig.  I2,  the 
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white  in   Fig.  13.       In  addition  the  same  curves  are  plotted  in  Fig. 
14,  with  circle  reailings  as  abscissx-  instead  of  wa\'e  lengths,  which 


represents   the    conditions  of   experiment   more  accuratel)',  as   the 
observations  were  made  on  a  prismatic  spectrum. 

In  these  last  diagrams  the  part  of  the  spectrum  used  for  fatiguing 
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the  eye  is  marked  by  means  of  a  vertical  line  under  the  respective 
curves. 

Examinations  of  Naturally  Color-Blind  Persons. 

S.  W.  F.,  a  student  in  Cornell  University  who  was  known  to  be 
color-blind,  kindly  consented  to  allow  his  eyes  to  be  tested.  Being 
accustomed  to  make  scientific  measurements,  his  observations  were 
made  with  care  and  accuracy.  The  limits  of  the  spectrum  were  the 
same  to  him  as  to  the  normal  eye.  The  apparatus  did  not  permit 
his  neutral  point  to  be  determined  accurately,  but  he  indicated  it  to 
be  at  about  X  =  .480  fi.  As  is  usual  with  red-blind  persons,  he 
called  all  on  the  red  side  of  the  neutral  point  yellow,  and  the  other 
blue.  When  tested  with  the  Holmgren  worsteds  he  made  the  usual 
matches  of  the  red-blind.  In  addition,  however,  he  indicated  blind- 
ness of  some  other  part  of  the  retina,  as  shown  by  his  matches  of 
light  yellows  and  greens.  Measurements  were  made  for  both  eyes 
in  the  manner  described  for  obtaining  normal  curves. 

The  following  table  gives  the  persistence  of  color  impressions  for 
the  right  eye  : 

Table  XI. 

5.    W.  F.  {right  eye). 


Wave  length. 

Persistence. 

Wave  length. 

Persistence. 

.410  11 

.0297  sec. 

.533  fi 

.0133  sec. 

.438  " 

.0246    " 

.550  " 

.0128    " 

.455  '< 

.0214    " 

.573  " 

.0133    " 

.465  " 

.0202    " 

.596  " 

.0124    " 

.475  " 

.0184    " 

.620  " 

.0128    " 

.484  " 

.0170    " 

.678  '• 

.0161    " 

.493  " 

.0162   " 

.715  " 

.0191    " 

.512  " 

.0148   " 

.758  " 

.0224   " 

The  data  are  plotted  in  Fig.  1 5  in  comparison  with  the  third 
normal  curve  of  the  writer.  These  values  show  a  very  great  in- 
crease in  the  duration  of  the  impressions  in  the  red ;  the  curve  then 
approaches  nearly  to  the  normal  in  the  yellow,  then  rises  in  the 
yellowish-green  forming  a  curious  little  bunch  or  elevation,  thence 
continuing  parallel  to  the  normal  through  the  blue  and  violet.  It 
will  be  noticed  that  the  whole  curve  is  displaced  upward,  which  in- 
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dicates  that  the  whole  spectrum  was  not  as  bright  to  the  color-blind 
eye  as  to  tiie  normal.  This  bunch  in  the  )'ello\v-green  is  not  acci- 
dental nor  is  it  due  to  an  erroneous  measurement,  smcc  it  was  con- 
firmed by  experiments  several  weeks  apart.  It  is  also  confirmed  in 
the  curve  for  the  left  eye  of  the  same  subject,  shown  in  figure  16  in 


•ig.    \o. 
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comparison  with  a  new  normal  curve  of  the  writer,  the  determina- 
tion of  which  was  rendered  necessary  by  a  change  in  the  pressure 
of  the  acetylene  and  constquentl}-  a  change  in  the  luminosity'  of  the 
spectrum. 

The  form  of  the  curves  is  the  same  for  both  eyes,  both  showing 
the  same  peculiarities.  It  may  be  possible  that  this  is  the  cur\e  of 
the  typical  red-blind  subject.  I'^rry,  however,  in  the  article  cited, 
found  cur\es  slightly  different  from  these  for  red-blind  j>ersons.  In 
his  curves  there  were  no  elevations  in  the  yellow-green  part  of  the 
spectrum.  The  cur\c  for  the  normal  eye  (Fig.  6).  fatigued  with 
red,  shows  the  increased  persistence  of  the  red  though  not  to  the 
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same  extent  as  the  naturally  color-blind  subject.     No  disturbance 
of  the  curve  occurs  in  any  other  part. 
Table  XII  gives  the  data  for  the  left  eye. 

Table  XII. 

S.    W.  F.  {left  eye). 


■Wave  length. 

Persistence. 

Wave  length. 

Persistence. 

.410  11 

.0307  sec. 

.550  ix 

.0122  sec. 

.455  " 

.0216    " 

.573  " 

.0127    " 

.465  " 

.0201    " 

.596  " 

.0121    " 

.475  " 

.0176    " 

.620  " 

.0135    " 

.484  " 

.0162    " 

.678  " 

.0170    " 

.493  " 

.0146    " 

.758  " 

.0240    " 

.533  " 

.0125    " 

Mr.  J.  E.  T.,  of  the  Chemistry  department  of  the  University,  in- 
formed the  writer  that  he  had  some  difficulty  in  observing  red  lines 
in  spectroscopic  analysis,  and  kindly  consented  to  make  the  neces- 
sary observations  for  his  persistency  curve.  When  tested  with  the 
Holmgren  worsteds  he  matched  the  proper  colors  with  the  con- 
fusion samples,  and  seemed  as  far  as  that  is  concerned  to  have 
normal  color  vision.  But  finally  being  tested  with  other  samples  he 
made  matches  which  indicated  a  partial  red-blindness  at  least,  and 
also  a  disturbance  of  the  violet.  He  stated  also  that  some  difficulty 
was  experienced  with  violet  lines  in  spectroscopic  work. 

The  values  of  the  persistence  are  given  in  the  following  table  : 

Table  XIII. 
/.  E.  T. 


Wave  length. 

Persistence. 

W^aVe  length. 

Persistence. 

.400  ^l 

.0428  sec. 

.574  11 

.0112  sec. 

.415  " 

.0296     " 

.596  " 

.0114     " 

.438  " 

.0214     " 

.620  " 

,0119     ". 

.475  " 

.0157     " 

.678  " 

.0144     " 

.500  •' 

.0136     " 

.715  " 

.0184     " 

.533  " 

.0117     " 

.758  " 

.0224     " 

.550  " 

.0114     " 

These  values,  for  the  right  eye,  will  be  found  in  Fig.  17  in  com- 
parison with  a  normal  curve  of  the  writer.     Both  eyes,  the  right  and 
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left,  gave  appruximately  tlie  same  curve,  only  one  of  which  is  here 
plotted.  It  will  be  noticed  that  the  part  of  the  curve  corresponding 
to  red  shows  a  characteristic  elevation  above  the  normal,  indicating 
red-blindness.  Through  the  yellow-green  the  points  on  the  curve 
were  obtained  quite  close  together  to  see  if  any  elevation  occurred 
as  in  the  previous  case.  No  deviation  from  a  smooth  cur\'e  was, 
however,  obtained.  The  persistence  of  green  is  shown  to  be,  in  this 
case,  le.ss  than  in  the  normal  eye,  indicating  that,  to  the  former, 
green  was  relatively  much  brighter.  This  is  quite  in  agreement 
with  other  cases  of  color-blindness  studied  by  various  obser\'ers. 
Comparison  of  the  two  curves  also  shows  that  the  lowest  point  on 
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that  obtained  for  tiic  color-blind  eye  does  not  correspond  to  the 
same  part  of  the  spectrum  as  the  similar  point  on  the  normal,  but  is 
displaced  towards  the  blue  end  of  the  spectrum.     This  indicates 
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that  the  point  of  maximum  brilliancy  is  shifted  in  that  direction,  a 
result  also  commonly  observed.  The  curve  also  shows  a  persist- 
ence greater  than  normal  in  the  extreme  violet.  Though  there  is 
greater  difficulty  in  making  observations  in  this  region  than  in  any 
other,  yet  since  all  Mr.  T's  readings  here  were  greater  than  for 
the  normal  eye,  it  must  indicate  some  abnormal  condition  of  the 
retina  as  regards  its  appreciation  of  violet.  It  is  not  possible  to  say 
conclusively,  without  further  investigation,  whether  this  is  a  case  of 
violet  color  blindness  or  not. 

Another  student  of  the  University,  Mr.  H.  C.  B.,  also  consented 
to- determine  his  persistency  curve.  Upon  examination  with  the 
worsteds  he  indicated  green-blindness.  Persistency  curves  for  both 
eyes  were  obtained,  but  their  close  agreement  renders  only  one 
necessary.     The  following  values  for  the  left  eye  were  obtained  : 

Table  XIV. 

H.  C.  B.  {left  eye). 


Wave  length. 

Persistence. 

AVave  length. 

Persistence. 

.405  ^ 

.0336  sec. 

.538  ^l 

.0127  sec. 

.454  " 

.0201     " 

.574  " 

.0119     " 

.487  " 

.0160     " 

.620  " 

.0120     " 

.502  " 

.0152     " 

.678  " 

.0135     " 

.517  " 

.0139     " 

.758  " 

.0194     " 

These  values  will  be  found  plotted  in  Fig.  i8  in  comparison  with 
a  curve  for  the  normal  eye.  The  characteristic  elevation  in  the 
green  is  well  shown,  though  the  persistence  is  not  increased  to  quite 
the  extent  anticipated.  It  may  indicate  only  a  partial  green-blind- 
ness. No  other  part  of  the  curve  differs  from  the  normal.  This 
curve,  and  the  one  preceding,  show  that  an  eye  may  be  color-blind 
to  red  or  green  without  necessarily  affecting  any  other  sensation,  a 
conclusion  which  does  not  agree  with  the  Hering  theory  of  color 
blindness. 

From  these  three  curves  for  color  blindness,  it  is  not  possible  to 
draw  many  definite  conclusions  ;  but  there  is  evidently  reason  to 
believe  that  the  study  of  many  cases  of  color  blindness  by  this 
method  will  throw  a  new  light  upon  this  interesting  subject,  and 
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nia\'  lead  to  important  c\icJencc  as  to  tlie  real  nature  of  color-vision 
itself.  Preparations  for  such  an  investigation,  on  the  part  of  the 
writer,  are  being  niatle. 

Sl'mmakv. 

The  results  arrived  at  in  this  investigation  ma)'  be  conveniently 
summed  up  as  follows  : 

1.  The  persistence  of  all  color  impressions  reaches  a  maximum 
when  the  e\e  has  been  kept  open  in  the  dark,  the  increased  dura- 
tion being  unecjual  for  rays  of  different  refrangibilities.  The  incrccisc 
is  least  in  the  )'ellow,  and  grows  larger  towards  both  tlie  red  and 
violet.  The  curve  obtained  under  such  conditions  maj-  be  called 
the  extraordinary  normal  curve. 

2.  The  persistence  of  all  color  impressions  is  a  minimum  when 
the  eye  is  under  the  inlluence  of  diffu.sed  daylight.  The  curve  thus 
obtained  has  been  termed  in  this  paper  the  ordinary  normal  curve. 

3.  When  the  e\-e  has  been  blindfolded  the  values  of  the  persist- 
ence in  all  cases  are  intermediate  between  the  extraordinar\-  and 
ordinar)'  normal  curves,  showing,  howc\er,  unequal  increases  as  in 
the  extraordinar)"  cur\c. 

4.  When  the  retina  has  been  exposed  to  strong  red,  green  or 
violet  light,  the  persistence  of  impressions  of  the  same  color  as  the 
fatiguing  light  is  increased,  forming  a  characteristic  elevation  or 
bunch  in  the  part  of  tiie  persistenc)'  curve  corresponding  to  that 
color. 

3.  When  the  retina  has  been  fatigued  with  \-ellow  or  blue  light 
there  is  no  increase  in  the  persistence  of  impressions  of  those  col- 
ors, but  the  characteristic  elevations  are  produced  in  the  parts  of 
the  curves  corresponding  to  red  and  green  or  green  and  violet  rc- 
spectiveh*. 

6.  These  phenomena  strongl\-  confirm  the  fundamental  color 
sensations  of  the  Voung-Helmh«>lt/.  theory. 

~ .   When  the  retina  has  been   fatigueil   with   white  light,  the  per 
sistences  o{  all   color  impressions  are  unequally  increased.      This 
apparently  does  not  harmonize   with  the  Voung-Helmholt/.  thcor\-. 
but  indicates  a  partially  inilo|K*ndent  white  sensation. 

8.   Both  rest  and  fatii^ue  of  the  retina   cause  an   increase  in  the 
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persistence  of  all  colors.      No  explanation  of  this  fact  has  yet  been 
found. 

9.  In  the  case  of  naturally  color-blind  eyes,  the  persistence  of 
color  impressions  to  which  the  retina  is  blind  is  abnormally  in- 
creased, thus  affording  a  method  of  determining  the  wave  lengths 
to  which  the  retina  is  incapable  of  responding  nof-mally. 

10.  In  addition  to  the  loss  of  one  fundamental  color  sense,  the 
naturally  color-blind  retina  may  also  lack  the  power  of  responding 
to  a  group  of  waves  affecting  another  sensation.  The  further  study 
of  cases  of  color  blindness  in  this  way  would  probably  throw  new 
light  upon  this  interesting  and  important  subject. 

In  conclusion,  I  wish  to  gratefully  acknowledge  my  indebtedness 

to  Professor  E.  L.  Nichols,  who  suggested  the  subject  and  method, 

and  also  to   Mr.  J.  S.  Shearer,   of  the  department  of   Physics,  for 

their  many  valuable  suggestions  regarding  both  apparatus  and  the 

experimental  results  of  the  entire  investigation. 

Physical  Lakoratory, 

Cornell  University,  May,  1900. 
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THE    HVPOTHKSKS   (JF    COLOR    VISION.' 
liv  1  KANK  Allen. 

TO  the -question  "  How  do  \vc  see?"  there  are  but  two  general 
replies,  the  e)'e  must  emit  something,  or  something  from 
without  must  enter  the  eye.  For  twenty  centuries  this  was  a  de- 
bated question  among  philosophers  who  took  sides  with  the  leaders 
of  their  respective  schools,  and  vigorously  upheld  their  theories.  A 
complete  absence  of  experiment  in  this  as  in  other  branches  of  sci- 
ence was  accompanied  by  an  astonishingly  great  variety  of  argu- 
ments and  extravagant  hypotheses  to  sujjport  their  adopted  opinions. 
Colors  were  ranked  among  the  bodies  of  which  only  the  names  were 
known.  When  philosophers  were  asked,  for  example,  why  such  a 
body  was  red,  they  answered  that  it  was  in  virtue  of  a  qualit\-  which 
made  it  appear  red. 

It  is  far  from  ob\ious  that  white  light  is  \er)-  complex  in  its 
nature  ;  and  failure  to  discover  this  resulted  in  the  confusion  of  mind 
exhibited  b\'  writers  on  light  and  colors  preceding  Newton's  decisive 
experiments. 

In  the  following  short  sketch  of  the  history  of  this  interesting 
branch  of  science  an  attempt  is  made  to  outline  briefl\-  most  of  the 
hypotheses  of  both  ancient  and  modern  writers.  An  outline  only 
is  attempted  because  a  full  review  would  e.xpand  this  paper  into  a 
volume. 

F"or  the  present  purposes  the  histor)'  of  color  vision  is  here  divide*.! 
into  four  periods:  first,  from  P\thagoras  to  Newton  (  540  H.  C- 
1671  A.  1 ).) ;  second,  from  Newton  to  Thomas  Young  (1671-1S01  ); 
third,  from  Young  to  Kwald  Bering  (iSoi-1874)  ;  fourth,  from  this 
last  date  to  the  present  time. 

First  Pkkioo  (540  B.  C.-1671  .A.  D.). 
Pythagoras  and  the  Pjthagoreans.  the  second  school  of  Grecian 
philosophers,  who  flourished  about  500  H.  C.  held  the  opinion  that 
'  A  Keiwrt  ra.ide  to  the  Physical  Semin-iiA-.  Cornell  University,  1902. 
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HYPOTHESES  OF  COLOR  V[S10N 


FIRST  PERIOD 
(540  B.C. -1671   A.  D.) 


PYTHAGORAS  ^^^q        EMPEDOCLES 

(CIR.640  B.C.;    1500  B.C.)    (400  B.C.) 


PLATO  I 
(429-348  B.C.) 


HELIODORUS 
(60  A.  D.) 


EPICURUS 
(300  B.C.) 


LUCRETIUS 

(97-53  B.C.)  SENECA 

(4  B.C.  -65  A.  D.) 


ARISTOTLE 
(3S0  B.C.) 


E.  PORTA 
(1660  A.  D.) 


FLETCHER       "ff"  ^^"^^ 
(1671   A.  D.)       (1290  A.  0.) 

I 

DE  DOMINIS 
(1611   A.D.) 


DESCARTES 
( 1 600 ) 

ROHAULT  MALEBRANCHE 

(1700)  (1638-1716; 


ALHAZEN 
(1072  A.D.) 


GRIMALDI 
(1666) 


HOOKE 
(1670) 


DE  LA  HIRE 

(1700J 


DESCHALES        HOEBES 
(1588-1679) 


TOBIAS  MAYER 
(1758) 


BREWSTER 
(1831) 


SECOND  PERIOD 
(1671-1801) 

NEWTON 

(1671) 

a       WALLER 
EULER  \  (1686) 

(1752)         ; ^gel  NOLLE! 

(1756) 

WUNBCH 
(1792) 


THIRD  PERIOD 
(1801-1374) 

YOUNG 

(1801) 

WOLLASTON 
(1802) 


SCHOPENHAUER 
(1817)        — 


ZENKER 
(1867)"" 


n EXLEY 
i~(l834J 


HELMHOUTZ 

(1352) 


G0ETH6 
(1810) 


MAXWELL 

(1860) 


FOURTH  PERIOD 
(1874-  ) 


;harpentier 

(1377) 


PREYER 
(1881) 
DROOP 
(1383) 
OLLIVER 
(1884) 


BURNETT 
(1886) 
ROECHLIN 
(1886) 
BURTON 
<1888) 

Igoller 

(1888) 

PREOBRASCHENSKY 

(1889) 
HUNT 
;i892) 

LODGE 
(1894) 
NICATI 
(1896) 
PATTEN 
(1897J 


VON   KHIES 
(1897) 


EBBINGHAUS 
(1893) 


STOHR. 
(1898) 
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vision   is  caused  by  jiarticles  contimially  fl\'inj^  from  tlic  surfaces  of 
bodies  and  entering  the  e)'e. 

A  century  after  these,  I'.mixrdocles  and  IMato  |iut  forward  the 
doctrine  that  tlie  cause  of  vision  is  something  emitted  b\'  tlie  eye 
which  meeting  with  something  else  that  proceeds  from  the  object  is 
tlicreby  retlected  back  again.  In  other  words  sight  was  considered 
a  species  of  touch  due  to  invisible  feelers  having  their  origin  in  the 
eye. 

Aristotle  (Do  Anima.  Lib.  2,  Cap.  6:  350  H.  C.)  maintainetl  that 
light  is  incorporeal.  His  ideas  are  best  illustrated  by  a  reference  to 
the  rainbow,  in  accounting  for  which  ver)'  many  theories  of  color 
production  originated.  He  thought  that  the  colors  were  due  to  im- 
perfect reflection  from  raindrops,  the  image  of  the  sun  being  dis- 
torted and  color  onl\'  exhibited.  Aristotle  also  taught  that  black 
and  white  were  the  colors  from  which  all  others  were  derived,  an  idea 
which  in  modified  form  persisted  to  the  time  of  Goethe.  It  was 
also  sujiposed  b\'  some  philosophers  of  this  period  that  the  rainbow 
was  caused  b\'  the  clouds  communicating  their  color  to  the  sun- 
beams. 

Kpicurus  (300  B.  C.)  and  after  him  Lucretius  (75  H.  C. )  believed 
that  we  see  b\'  the  intervention  of  light  as  we  feel  an  object  by 
means  of  a  stick.  Seneca,  who  flourished  about  60  A.  D.,  ob- 
served (Nat.  Quest..  Lib.  i.  Cap.  7)  that  sunlight  shining  through 
an  angular  piece  of  glass  gives  the  colors  of  the  rainbow,  w  hich  he 
explained  as  a  species  of  false  color  such  as  is  observed  on  the  neck 
of  a  pigeon.  His  theor)-  of  the  rainbow  is  interesting.  "The  rain- 
bow must  be  circular  of  necessity  just  as  waves  spread  in  a  circular 
manner  from  a  disturbance  in  still  water."  Ai:ain.  he  savs  :  "that 
the  rainbow  is  the  image  of  the  sun  reflected  from  a  hollow  moist 
cloud  which  distorts  the  image  because  of  the  nature  and  figure  of 
the  speculum.  Since  in  water  ever\'thing  is  seen  larger,  the  image 
of  the  sun  is  large  because  it  is  reflected  from  a  moist  cloud  which 
partakes  of  the  nature  both  of  glass  and  of  water."  The  different 
colors  are  accounted  for  by  supposing  that  they  come  partly  from 
the  sun.  partly  from  the  clouds,  and  form  a  mi.xture  ^ 

Hcliodorus.  a  Stoic  philosopher  of  Nero's  time,  auiicicu  to  the 
old  theory  of  the  emission  of  ocular  beams,  which  he  tried  to 
strengthen  b\-  arguing  from  the  shape  of  the  eye. 


154  FRANK  ALLEN.  [Vol.  XVII. 

Ptolemy,  whose  treatise  on  optics  written  about  150  A,  D.  is  now 
lost,  became  the  great  authority  on  the  subject  to  the  time  of  Al- 
hazen. 

During  the  Dark  Ages  the  Arabians  were  the  scientific  investiga- 
tors. The  treatises  of  two  of  them,  Al  Farabi  and  Ebu  Haithem 
(about  1000  A.  D.),are  not  now  extant;  but  that  of  Alhazen, published 
about  1072,  became  the  authority  for  the  five  succeeding  centuries. 
His  speculations  on  color  do  not  however  show  any  advance  over 
those  of  European  philosophers.  He  defines  the  colors  of  the  rain- 
bow to  be  three,  but  with  Seneca  supposes  them  to  be  produced  by 
a  mixture  of  sun's  light  with  the  blackness  of  the  cloud  from  which 
it  is  reflected.  In  the  same  manner  the  colors  of  all  bodies  seen 
by  reflection  are  tinged  with  the  colors  of  the  reflecting  surface 
(Optica,  p.  461).  The  colors  due  to  refraction  in  a  glass  globe,  he 
says,  are  not  the  same  as  those  of  the  rainbow,  because  they  are  not 
of  the  same  number  and  are  not  seen  in  the  same  way  —  by  reflec- 
tion —  but  by  direct  vision  in  the  same  manner  as  light  itself. 

Roger  Bacon,  who  died  in  1294  A.  D.,  assented  to  the  opinion  of 
some  of  the  ancients  and  of  some  of  his  contemporaries  as  well,  that 
visual  rays  proceed,  from  the  eye.  His  great  reason  was  that  every- 
thing in  nature  is  qualified  to  discharge  its  proper  functions  by  its 
own  powers  in  the  same  manner  as  the  sun  and  other  celestial 
bodies.  He  regarded  the  presence  of  light  necessary  for  vision 
(Opus  Majus,  p.  289). 

Johannes  Baptista  Porta,  who  published  his  work,  "  Magia 
Naturalis,"  in  1560  when  but  fifteen  years  old,  performed  experi- 
ments with  the  camera  obscura,  invented  by  himself  at  that  time, 
which  convinced  him  that  vision  was  caused  by  the  intromission  of 
light  into  the  eye.  Light  was  considered  by  him  to  be  colorless 
but  capable  of  having  color  superinduced  upon  it  from  foreign 
causes.  He  also  gives  an  account  of  the  generation  of  each  color 
of  the  rainbow  from  a  mixture  of  light  and  the  denser  or  rarer  parts 
of  the  air.  Later  Porta  expressed  the  opinion  that  the  colors  of  the 
rainbow  were  produced  by  refraction  in  the  whole  body  of  rain  or 
vapor  and  not  in  the  separate  drops  (De  refractione,  p.  95). 

Fletcher,  of  Breslau  (1571),  tried  to  account  for  the  colors  of  the 
rainbow  by  means  of  two  refractions  in   one  drop  and  a  reflection 
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from  a  second,  but  as  is  well  known,  Antonio  iJc  iJominis.  Bishop 
of  Spalatro  (161  i)  arrivLcl  at  the  true  explanation  (Dc  radiis  visas 
et  lucis). 

To  account  for  the  color  he  supposed  that  the  red  rays  were  those 
that  had  traversed  the  least  space  inside  the  drop  and  accordingly 
retained  most  of  their  native  force,  and  strikin;^  the  eye  more  vigor- 
ously gave  it  a  stronger  sensation.  Similarly  green  and  blue 
were  produced  by  those  rays,  the  force  of  which  had  been  in  some 
measure  lessened  in  passing  through  a  greater  body  of  water.  All 
the  iiitermediate  colors  were  composed  of  mi.xtures  of  these  three 
primaries  according  to  the  hypothesis  which  generally  prevailed  at 
the  time. 

The  theory  of  Ue  Dominis  was  adoi)ted  and  mathematically 
investigated  by  Descartes  (1596-1650).  But  while  sound  in  his 
investigations  of  the  jiaths  of  the  rays,  he  was  much  less  happy  in 
the  wa\-  he  accounted  for  the  production  of  colors.  "  Light  is 
neither  a  substance  nor  \et  a  mere  proi)erty  of  bodies,  but  the 
motion  of  a  subtle  fluid  communicated  by  the  pressure  of  aluminous 
body.  It  is  affected  by  two  motions,  a  circular  and  a  direct.  Whtn 
the  circular  is  quicker  than  the  direct  the  color  is  red  ;  if  the  direct 
is  quicker  the  color  is  blue  ;  when  the  motions  are  ecjual  the  color 
is  yellow.  All  the  other  colors  are  composed  of  these  primaries." 
Descartes  was,  however,  the  first  to  state  the  real  nature  of  black 
and  white. 

Malebranche  (163S-1715)  modified  this  theory  of  Descartes  by 
the  substitution  of  a  medium  tilled  with  fluid  vortices  instead  of  per- 
fectly clastic  soliil  globules. 

Following  the  e.xanvple  of  other  philo-soj^hers.  Thomas  Hobbes 
(i  58S-1679),  an  I'jiglish  writer,  publisheil  a  theory  based  upon 
experiments  with  a  prism.  The  coloreil  ra\s  he  considered  to  be 
due  to  modified  light  which  he  divideil  into  two  parts  and  named 
"  first  "  and  "  .second  "  light.  The  following  extracts  ( Knglish 
Works,  vol.  i,p.  45>);  .Molesworth  I'Alition)  will  give  an  idea  of 
his  hypothesis.  "  CcWour  is  light,  but  troubled  light,  namely  such 
as  is  generated  b\-  perturbed  motion  as  shall  be  made  manifest  by 
the  red,  yellow,  blue  and  purple  which  are  generated  by  the  inter- 
position of  a  diaphanous  prism."      "  It  is  therefore  evident  that  when 
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weak  but  first  light  passeth  through  a  more  resisting  diaphanous 
body  as  glass,  the  beams  which  fall  upon  it  transversely  make  red- 
ness :  when  the  same  first  light  is  stronger  the  transparent  beams 
make  yellowness.  When  the  second  light  is  strong  green  is  pro- 
duced, but  when  weaker  it  generates  purple. 

"  Whiteness  is  light,  but  light  perturbed  by  the  reflections  of 
many  beams  of  light  coming  to  the  eye  together  within  a  little 
space.      Blackness  is  the  privation  of  light." 

Hobbes  also  considered  that  colors  are  formed  from  a  mixture  of 
white  and  black. 

Perhaps  the  most  extravagant  opinion  ever  formed  upon  the  sub- 
ject of  color  vision  was  that  of  Dr.  Hooke  the  contemporary  and 
rival  of  Newton.  Hooke  reduced  the  primary  colors  from  three  to 
two.  "  Blue  is  an  impression  on  the  retina  of  an  oblique  and  con- 
fused pulse  of  light  whose  weaker  part  precedes  and  whose  stronger 
part  follows  ;  and  red  is  a  similar  impression  whose  stronger  part 
precedes  and  whose  weaker  follows.  The  fantasm  of  colour  is 
caused  by  the  sensation  of  the  oblique  or  uneven  pulse  of  light 
which  is  capable  of  no  more  varieties  than  two,  which  arise  from 
the  two  sides  of  the  oblique  pulse  though  they  be  capable  of  infi- 
nite gradations,  each  of  them  beginning  from  white  and  ending,  one 
of  them  in  the  deepest  scarlet  and  the  other  in  the  deepest  blue." 
(Priestley  "  On  Vision,  Light  and  Colours.") 

De  la  Hire,  who  lived  at  this  time,  supposed  difference  in  color 
to  depend  upon  the  degree  with  which  the  same  light  affects  the 
optic  nerve.  For  example,  red  blood  appears  blue  through  the 
veins  because  the  light  in  passing  through  the  skin  loses  its  power 
and  affects  the  nerve  with  less  force.  In  common  with  many  other 
writers  he  assigned  the  blue  color  of  the  sky  to  the  sunlight  re- 
flected by  the  air,  seen  against  a  background  of  dark  space. 

Grimaldi  (De  lumine,  coloribus  et  iride,  1666)  made  the  dis- 
covery that  when  a  circular  beam  of  light  passes  through  a  prism  it 
forms  an  oblong  image.  He  did  not  infer  the  different  refrangibilities 
of  the  colored  rays,  but  looked  upon  it  as  showing  that  refraction 
produced  color  as  well  as  reflection,  which  was  the  more  general 
way  according  to  the  philosophers.  Grimaldi's  idea  of  color  was 
that  it  was  condensed   light,  red  being  more  condensed  than  blue. 
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He  concluded  with  Aristotle  that  light  is  no  real  substance  ;  not  a 
substantial  but  an  accidental  ijualit)'. 

lYiestlcy  (On  Vision,  Light  and  Colours,  p.  240)  thus  sums  up  the 
theories  of  color  production  to  the  time  of  Newton  : 

"  The  Pythagoreans  called  colour  tlie  superficies  of  a  body.  Plato 
said  that  it  was  a  flame  issuing  from  them.  According  to  Zeno  it 
is  the  first  configuration  of  matter,  and  Aristotle  said  it  was  that 
which  moved  bodies  actuall)'  transparent.  Descartes  vcr\-  sensibly 
argued  that  colour  is  a  modification  of  light ;  but  he  supposed  that 
the  difference  of  colour  arises  from  the  prevalence  of  the  direct  or 
rotatory  motion  of  the  particles  of  which  it  consists.  Father 
Grimaldi,  Deschales,  and  many  others  thought  the  differences  of 
colour  depended  upon  the  condensation  and  rarefaction  of  light. 
Malebranche  was  of  the  opinion  that  differences  in  colour  depend 
upon  the  tiuick  or  slow  vibrations  of  a  certain  elastic  medium  filling 
the  whole  universe.  Rohault  imagined  that  the  different  colours 
were  made  b)-  the  rays  of  light  entering  the  ej-e  at  different  angles 
with  respect  to  the  optic  a.xis  ;  and  from  the  phenomena  of  the  rain- 
bow he  pretended  to  calculate  the  precise  angle  that  constituted 
each  particular  colour.  Lastl)'  Dr.  llooke,  the  rival  of  Xewton. 
imagined  that  colour  is  caused  by  the  sensation  of  the  oblique  or 
uneven  pulse  of  light  ;  and  this  being  capable  of  no  more  than  two 
varieties,  he  concluded  that  there  could  be  no  more  than  two  pri- 
mary colours." 

Note. —  Most  of  the  hypotheses  comprising  the  I'irst  Period  will 
be  found  in  Priestley's  "  On  Vision,  Light  and  Colours." 

Seconp  Period  (1671-1802). 

167 1.  Xewton.  "  Xew  Theor\-  of  Light  and  Colours."  Philo. 
Trans,  (abridgment),  \'ol.  I.,  p.  G'j'^.  Reprinted  in  Pop. 
Sci.  Monthl)',  Se|)t.,  1902. 

Newton  performed  his  experiments  on  the  decomposition  of 
white  light  in  1666,  but  apparently  did  not  publish  the  results  until 
several  years  later.  The  following  quotations  from  several  of  iiis 
papers  will  give  his  general  views  on  color  vision. 

"  The  rays  of  light  to  speak  properly  are  not  coloured.  In  them 
is  nothing  else  than  a  certain  power  and  disposition  to  stir  up  a 
sensation  of  this  or  that  colour." 
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"  To  the  same  degree  of  refrangibility  ever  belongs  the  same 
colour,  and  to  the  same  colour  ever  belongs  the  same  degree  of  re- 
frangibility." 

"  To  explain  colours  I  suppose  that  *  *  *  the  rays  of  light  by 
impinging  on  the  stiff  refracting  superficies,  excite  vibrations  in  the 
ether  *  *  *  of  various  bigness  ;  the  biggest,  strongest  or  most 
potent  rays,  the  largest  vibrations  ;  and  others  shorter  according 
to  their  bigness,  strength  or  power ;  and  therefore  the  ends  of  the 
capillimenta  of  the  optic  nerve,  which  pave  or  face  the  retina,  being 
such  refracting  superficies,  when  the  rays  impinge  upon  them,  they 
must  there  excite  these  vibrations  which  *  *  *  will  run  along  the 
aqueous  pores  or  crystalline  pith  of  the  capillimenta  through  the 
optic  nerve  into  the  sensorium  ;  and  there,  I  suppose,  affect  the 
sense  with  various  colours  according  to  their  bigness  and  mixture  ; 
the  biggest  with  the  strongest  colours,  reds  and  yellows,  the  least 
with  the  weakest,  blues  and  violets  ;  the  middle  with  green  ;  and  a 
confusion  of  all  with  white   *   *   *." 

1686.      Waller:  Phil.  Trans.,  vol.  3,  p.  274. 

In  this  paper  Waller  describes  the  materials  from  which  pigments 
of  definite  colors  are  made.  He  also  briefly  mentions  experiments 
in  which  he  mixed  the  simple  red  and  yellow  pigments  with  each 
of  the  simple  blues,  and  concludes  that  these  mixtures  of  primaries 
give  most  of  the  medium  colors,  namely,  green,  purple,  etc. 

1752.  Euler :  Nova  theoria  lucis  et  col  arum.  Lettres  a  une 
Princesse  d'Allemagne,  1768.  ■  Nos.  23,  27  and  28. 
Euler  upheld  the  undulatory  theory  and  strongly  opposed  the 
doctrine  of  light  corpuscles.  But  he  maintained  that  bodies  be- 
came visible  because  the  sun's  rays  fell  upon  them,  throwing  their 
particles  into  motion,  generating  in  their  turn  rays  which,  affecting 
our  eyes,  rendered  the  bodies  visible.  The  blue  color  of  the  sky  he 
explained  by  supposing  the  dust  suspended  in  the  atmosphere  to 
generate  blue  rays  owing  to  their  constituent  particles  being  thrown 
into  vibration  by  the  sun's  light. 

1755.     Abbe  NoUet :  Leqons  de  Physique,  Tom.  5,  Sec.  3.     Quoted 
by  J.  D.  Forbes  :  Phil.  Mag.,  S.  3,  Vol.  34,  p.  172,  1849. 
This  writer  taught  the  Newtonian  theory  of  light  and  colors,  but 
maintained  the  primary  qualities  of  orange,  green  and  purple. 
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1758.     Tobias    Mayer:  Gottin^isclie    ^elchrte    anzcigcn,    p.    147. 
Quoted  by  llcliuhult/:   I'liil.  Mag.,  S.  4.  \'ol.  4,  p.  522, 
1852. 
Tlie  three  color.s,  red.  j-ellow  and  blue  had   been  mixed  as  pig- 
ments in  carl)'  times,  and  came  to  be  regarded  somewhat  as  primary 
colors.      "  Ma\'er  was  the  first  to  gi\'e  utterance  to  the  view  that  tlie 
three  primitive  colours  might  correspond  to  three  different  kinds  of 
light,  red,    yellow   and    blue,  each    of  which   furnished   rays   of  all 
rcfrangibilities.      According   to    this,    at   e\er)'   point    in    the   solar 
.spectrum,  red,  \'ellow  and  blue  ra)'s  are  mi.xed  together  which  do 
not  differ  in  refrangibilit}-  and  therefore  cannot  be  separated  by  the 
prism." 

1792.      Chretien    1-jiiest   W'iinsch  :   Wrsuche    und    Ik'obachtungcn 

iiber   die    I-'arben   des    Lichtes.      Leipsic.      Abstracted   in 

Annals  de  Chimie,  64,  j).  135,  1807. 

W'imsch   performed   many  experiments  to  prove  that  there  were 

not  seven    primary  colors   as   some   supposed  from    the  number  of 

spectrum  colors  given   by  Newton,  nor  \-et  five  as  others  believed. 

He  was  the  first  to  select  red,  green  and  violet  as  primaries,  a  result 

to  which  he  was  led  by  his  experiments  on  mixtures  of  the  colored 

rays  of  the  spectrum. 

Tmiko  Pkkiod  (1S01-1S74). 

1801.  Thomas  Young:  "On  Theory  of  Light  and  Colours."  Phil. 
Trans.,  \'ol.  92,  p.  12,  1802  (read  in  1801).  "Some 
Ca.ses  of  the  Productions  of  Colours."      Ibid.,  p.  I'^'j. 

In  the  first  paper  Young  selected  red,  \-ellow  and  blue  as  the 
three  simple  color  sensations,  with  no  other  basis  than  current 
scientific  opinion.  Owing  to  the  celebrated  but  misconstrued  ob- 
servations by  W'ollaston  of  the  dark  lines  in  the  solar  spectrum. 
Young  modified  his  theon,'  by  selecting  red,  green  and  violet  as 
primaries,  quite  indepcndcntl\ ,  however,  of  W'iinsch.  This  thcor>' 
he  further  confirmed  b\-  experiments,  after  which  it  remained  in 
obscurity  until  Maxwell  and  Ilemholtz  brought  it  to  the  attention 
of  scientists  and  made  it  the  basis  of  their  investigations. 

Young  seems  to  have  been  the  first  to  attribute  a  definite  physio- 
logical significance  to  the  three  primar}-  colors,  the  precise  hues  or 


l6o  FRANK  ALLE.y.  [Vol.  XVII. 

wave-lengths  of  which  he  had  no  means  of  determining.  His  gen- 
eral principles  were  modified  and  made  definite  by  the  experimental 
researches  of  Helmholtz,  iMaxwell,  Konig  and  others.  These  do 
not  all  agree  upon  the  hues  selected  as  the  primary  colors,  and 
Maxwell  in  particular  selects  a  blue  as  the  third  of  his  triad  of 
fundamentals. 

"The  referring  of  all  colours,"  says  Helmholtz,  "to  tlie  three 
primitive  ones  has,  in  the  case  of  the  different  observers,  three  dif- 
ferent senses : 

"  I.  That  the  different  colours  were  such  as  permitted  of  the  forma- 
tion of  all  others  from  their  combinations. 

"  2.  Or,  as  supposed  by  Mayer  and  Brewster,  that  the  primitive 
colours  correspond  to  three  different  kinds  of  objective  light. 

"  3.   Or,  as  supposed  by  Young,  that  they  correspond  to  three 
primitive  modes  of  sensation  experienced  by  the  visual  nerves,  and 
from  which  the  remaining  sensations  of  colour  are  composed." 
[Helmholtz  :  "  On  the  Theory  of  Compound  Colours."    Phil.  Mag., 

S.  4,  Vol.  4,  1852,  p.  522.  Also  "  Physiol.  Optik."] 
[Maxwell :  "  On  Theory  of  Compound  Colours,  and  the  Relations 
of  the  Colours  of  the  Spectrum."  Phil.  Trans.,  p.  57, 
i860.]  See  also  A.  M.  Mayer:  "History  of  Young's 
Discovery  of  his  Theory  of  Colors."  Amer.  Jour,  of  Sci- 
ence, Ser.  3,  Vol.  9,  p.  251,  1875. 

1802.  William  Hyde  Wollaston  :  "A  method  of  examining  re- 
fractive and  dispersive  powers  by  prismatic  reflection." 
Phil.  Trans.,  Vol.  92,  p.  378. 

In  this  paper  Wollaston  records  his  discovery  of  the  principal 
"  Fraunhofer  "  lines,  the  nature  of  which  he  was  far  from  suspecting. 
He  supposed  that  they  divided  the  spectrum  into  four  parts  and 
formed  the  boundaries  of  the  four  corresponding  colors,  red,  yel- 
lowish-green, blue  and  violet,  the  color  of  each  division  being  quite 
uniform.  He  says  that  "we  may  distinguish,  upon  the  whole,  six 
species  of  rays  into  which  a  sunbeam  is  divisible  by  refraction." 
These  are  the  four  visible  ones  mentioned  and  in  addition  the  in- 
visible ultra-violet  and  infra-red.  Wollaston  evidently  considered 
his  four  colors  to  be  simple  objective  colored  light. 

This  paper  was  important  since  it  led  Young  to  revise  his  theory. 
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1 8 10.     Goethe:  "  Farbcnlchre."      English  translation,  **  Theorj' of 
Colours."      Kastlakc. 

The  hypothesis  of  Goethe  is  mcreK'  the  absurd  doctrine  of  the 
ancients  that  color  is  a  mixture  of  li^ht  and  darkness  developed  to 
a  very  high  degree.  "  Light  and  darkness,"  Goethe  says  in  the  in- 
troduction to  his  work,  "or  light  and  its  absence  are  necessar\'  to 
the  production  of  color."  He  bases  his  views  on  obsen'ations 
made  by  looking  at  a  broad  field  of  light  (<•.  ^^,  a  window)  through 
a  prism,  and  draws  the  general  conclusion  that  ne.xt  to  the  light  a 
color  appears  which  is  called  N'ellow  ;  another  apjxrars  next  to  the 
darkness  which  we  call  blue.  When  these  are  mixed  in  equal  pro- 
portions the  resulting  cok)r  is  green.  All  these  colors  produce 
new  tints  by  being  mixed  with  darkness. 

Goethe's  writings  on  color  are  remarkable  fc^r  the  abuse  and 
denunciaton  which  he  heaped  upon  the  e.xjKriments  and  color 
theory  of  Newton.  To  some  of  the  propositions  of  Newton  he 
applied  such  terms  as  "  incredibly  impudent."  "  mere  twaddle," 
"  ludicrous  explanation,"  and  others  of  a  similar  character. 

18 16.  Schopenhauer:  "  Uebcr  das  Sehen  und  die  Farben."  Ab- 
stract in  Knc\-c.  l^rit..  \'ol.  21,  p.  450. 
"The  distinction  of  white  and  black  with  their  mean  point  in  the 
gray  is  referred  to  the  activity-  or  inactivity  of  the  total  retina  in  the 
graduated  presence  or  absence  of  full  light.  The  eye  is  endowed 
with  polarity  by  which  its  activity-  is  divided  into  two  parts  qualita- 
tively distinct.  It  is  this  circumstance  that  gives  rise  to  phenomena 
of  colour.  All  colours  are  comjilementary.  l-lach  pair  makes  up 
the  whole  activit\-  of  the  retina  and  so  is  equivalent  to  white  :  and 
the  two  particular  activities  are  so  connected  that  when  the  first  is 
exhausted  the  other  spontaneousK'  succeeds.  Such  pairs  arc  in- 
finite in  number,  liut  there  are  three  pairs  which  stand  out  promi- 
nently and  atlmit  of  easy  expression  for  the  ratio  in  which  each 
contributes  to  the  total  action.  Red  and  green  (each  equal  to  >..); 
orange  and  blue  (2:1);  yellow  and  violet  (3:1). 

183 1.      Brewster:   On  a  New  .\nalysis  of  Solar  Light.     Trans.  Roy. 
Soc.  Kdin.,  \ol.  12,  p.   123.  1S34.      (Read  in  1S31.) 
Awarded  the  Keith  Biennial  Prize  in  1S34  by  Roy.  Soc.  of  t^din. 
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The  theory  of  Brewster  is  an  elaboration  of  that  of  Mayer  based 
on  observations  of  an  impure  spectrum.  The  main  points  of  the 
theory  are  as  follows  : 

1.  Red,  yellow  and  blue  light  exist  at  every  point  of  the  solar 
spectrum. 

2.  As  certain  proportions  of  red,  yellow  and  blue  lights  constitute 
white,  the  color  of  every  point  of  the  spectrum  may  be  considered 
as  consisting  of  the  predominating  color  at  any  point  mixed  with 
white  light. 

3.  By  absorbing  the  excess  of  any  color  at  any  point,  white  light 
appears  at  that  point  which  cannot  be  decomposed  by  any  number 
of  refractions. 

The  great  reputation  of  Brewster  induced  most  physicists  for 
more  than  twenty  years  to  adopt  this  view,  Airy,  Melloni,  Draper, 
and  Helmholtz  alone  dissenting.  This  theory  persists  to  the  present 
time,  and  as  Rood  remarks,  is  almost  universally  believed  by  artists. 

Helmholtz  investigated   the  experiments   which  misled  Brewster, 
and  showed  that  he  had  employed  a  spectrum  mixed  with  stray 
white  light. 
1834.     Thomas  Exley.      "Physical  Optics,"  p.  28. 

The  following  condensed  extract  will  give  a  general  idea  of  the 
views  of  this  writer  : 

"  The  atoms  of  light  have  equal  velocities,  but  unequal  momenta 
and  spheres  of  repulsion  ;  hence  they  ought  to  produce  different 
effects  or  sensations  on  the  delicate  organ  of  vision.  Probably  those 
ethereal  atoms  which  penetrate  deepest  into  the  sensitive  part  of 
the  eye  to  produce  their  greatest  effect  give  the  red  color,  and  those 
which  pierce  to  the  least  depth  produce  violet,  and  those  intermediate 
in  proportion.  Therefore  the  atoms  which  have  the  greatest  abso- 
lute force  and  the  least  sphere  of  repulsion  will  cause  a  red  color, 
and  others  according  to  one  or  other  or  to  the  proportion  of  both 
these  circumstances  will  produce  the  same  or  other  colors." 
1867.  W.  Zenker.  "  Versuch  einer  Theorie  der  Farben  percep- 
tion." Archiv  fur  Mikroskopische  Anatomic  (Schultze), 
Bd.  3,  p.  248. 

The  retinal  layer  from  which  the  rods  and  cones  project  acts  as 
light  reflector,  according   to   the  author.     The  layer  of  rods  and 
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cones  is  supposed  to  have  a  greater  refractive  index  than  the  layer 
above.  Part  of  the  h^ht  entering  the  eye  is  absorbed,  and  part  re- 
flected, the  hitter  bcin^  the  portion  of  the  ratliant  energy  which 
excites  the  sensation  of  color.  The  elements  of  the  retina  may  be 
considered  as  systems  of  surfaces  upon  which  the  incident  light- 
waves fall  perpendicularly,  and  from  which  they  are  reflected  in  the 
same  manner.  These  result  in  systems  of  standing  wa\es  with 
nodes  at  fixed  distances  from  the  reflecting  layer,  the  distiinces  de- 
pending upon  the  wave-lengths.  The  point  of  maximum  disturb- 
ance will  therefore  be  different  ftjr  waves  of  different  refrangibilities. 
The  rods  and  cones,  he  .sa\s,  are  like  piles  of  plates,  each  plate 
having  a  thickness  ecjual  to  three  standing  waves  of  red,  four  of 
blue,  and  five  of  violet.  The  loops  of  the  standing  red  waves  will 
therefore  ahva\-s  affect  different  plates  from  those  acted,  upon  by 
blue  and  \iolet,  and  hence  these  sensations  will  alwaj'S  be  excited 
by  the  proper  wave-lengths.  This  theory  accordingly  makes  color 
perception  a  function  of  space  not  of  time. 

Fourth   I'likioD  (1M74-         ). 

1S74.  Kwald  Hering.  A  scries  of  six  papers  in:  Sitzungs.  der 
Kaiserl.  Akad.  der  W'issen.  zu  W'ien.  (Math.-Xaturwiss. 
Classe).  Fifth  paper  :  Grundziige  einer  Theorie  des  Licht- 
sinnes.  69  (3),  p.  179,  1874.  Sixth  paper:  70  (3).  p. 
169. 
Papers  collected  under  the  title  :  /ur  Lchre  vom  Licht-sinncs. 
Vienna,  1878. 

The  hypothesis  of  llering.  the  great  rival  of  the  Voung-Helm- 
holtz  theory,  is  based  upon  the  idea  of  visual  substances.  Hering 
assumes  six  psychophysical  processes  corresponding  to  six  primary 
sensations  which  may  be  arranged  in  comj)lementary  pairs,  black- 
white,  bluc->ellow,  green-retl.  Three  photochemical  substances  arc 
supposed  to  exist  in  the  retina,  one  correspomling  to  each  of  the 
pairs  of  sensations.  The  sensations  of  white,  yellow  and  red  are 
caused  by  the  dissimilation  of  the  corresponding  visual  substances, 
and  the  sensations  of  black,  blue  and  green  are  caused  by  the  assim- 
ilation of  the  same  substances.  These  substances  are  not  present 
in  equal  amounts.      All  the  ra\s  o(  the  visible  spectrum  have  a  dis- 
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similating  action  on  the  black-white  substance,  but  different  rays  in 
different  degrees.  Mixed  light  appears  colorless  when  it  acts  on 
the  blue-yellow  or  red-green  substance  with  equal  dissimilative  and 
assimilative  power.  The  effects  are  not  complementary  merely  but 
antagonistic.  For  example,  fundamental  red  and  green  do  not  pro- 
duce white  by  their  combination,  but  merely  destroy  each  other's 
effect  and  leave  visible  the  white  which  is  already  there.  This  is 
not  strictly  true  of  the  white-black  antagonism,  for  their  actions  do 
not  destroy  each  other  but  give  rise  to  a  series  of  grays.  Each  vis- 
ual sensation  is  really  a  mixture  of  all  six  fundamental  sensations. 
The  one  of  the  six  which  has  relatively  the  greatest  weight  gives 
the  character  and  name  to  the  mixed  sensation. 

1876.  Kiihne.      Papers  in  :  "  Verhandlungen  des  Naturhistorische- 

Medicinischen  Vereins  zu  Heidelberg,"  1877-79. 
Following  close  upon  the  discovery  (1876)  by  Boll  of  the  "Vis- 
ual purple,"  Kiihne  constructed  a  theory  of  vision.  He  supposes 
that  the  waves  of  light  give  rise  in  the  retina  to  different  compounds 
according  to  their  length,  and  thus  produce  the  different  color  sen- 
sations. 

1 877.  Augustin  Charpentier.    "  De  la  vision  avec  les  diverses  parties 

de  la  retine."     Archives  de  Physiol.,  4,  p.  894;  also,  "  Sur 
la  distinction  entre  les  sensations  luminenses  et  les  sensa- 
tions chromatiques,"  Compt.  Rend.,  86,  1878,  pp.    1272 
and  1 34 1.     Theory  further  developed  in  numerous  other 
short  papers  in  Compt.  Rend.,   e.  g.,  2  Semes,  1885,  p. 
275.     Also  see  Nineteenth  Century,  August,  1893,  Vol. 
34,  p.  258  in  art.   "  Recent  Science"  by  Kropotkin, 
This  theory  distinguishes  in  optical  phenomena  :  first,  a  luminous 
sensation  ;  second,  a  chromatic  sensation  ;  third,  a  visual  sensation, 
or  a  sensation  of  form.     Charpentier  supposes  a  double  process — 
chemical  and  thermal^ — of  colored  light  upon  two  different  pigments 
of  the  retina.     The  photochemical  effect  of  light  decomposes  the 
visual  purple  and  generates  in  the  optic  nerve  one  sort  of  vibrations 
totally  independent  of  the  color,  and  varying  in  amplitude  with  the 
intensity.     Another  pigment  is  supposed  to  be  located  between  the 
rods  and  the  cones  which  absorbs  light  and  heat.     This  absorption 
generates  in  the  nerve  another  set  of  thermal  or  thermo-electric  un- 
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dulainjiis  which  always  be^"n  a  Httle  later  than  the  former,  the  inter- 
val bcintj  fjrcatcr  for  violet  than  for  red. 

Two  waves  are  thus  moving  along  the  optic  nerve  with  corre- 
sponding phases  at  different  intervals.  Their  various  combinations 
provoUe  a  variety  of  sensations  which  wc  intcrjiret  as  so  many  colors. 

1881.  \\^  iVej'cr  :   "  Ucber  den   I'arben-  und  Tempcratursinn  mit 

besonderer     Kiicksicht    auf    I'\irbenblindheit."    Plliiger's 

Archiv,  Hd.  25,  p.  31. 
In  every  color  sensation  IVej'er  distinguishes  three  parts  :  cjuantity 
or  intensit)' ;  quality  or  tone  ;  tenij^erature.  The  intensity  depends 
upon  the  force  with  which  the  retina  is  acted  upon  b\'  the  ether 
waves,  the  qualit\'  upon  their  ami)litude.  He  also  makes  an 
aesthetic  division  of  colors  into  two  classes,  warm  and  cold.  The 
warm  colors  are  from  red  to  \-ellow  green,  the  cold  from  this  latter 
to  violet.  The  color  process  is  developed  from  an  earlier  existing 
temperature  sense,  and  indeed  the  color  sense  ma\-  be  considered  a 
special  ca.se  of  the  thermal  sense  limiteil  to  the  retina.  In  this 
hypothesis,  each  retinal  nerve  fiber  sensitive  to  color  impressions 
terminates  in  two  "  cones,"  one  of  which  is  e.xcited  by  warm  colors 
and  the  other  b\'  cold,  the  decitling  factor  being  the  wave-length. 
The  rods  give  sensations  only  of  white,  gray,  and  black,  the  cones 
the  color  sensations. 

1882.  \\.    Landolt  :   "  Theorie    de    la    perception    des    couleurs," 

Arch.  d'Ophthalm.,  II..  p.  79. 

1883.  II.  R.  Droop:  "Colour  Sensations,"  Phil.  Mag.,  S.  5,  15, 

1'-  111- 
This  very  indefinite  theory  of  color  vision  is  based  u}X)n  two  cases 
of  color  blindness  described  by  1  lolmgren.  One  o{  the  jxrrsons  saw 
only  red  and  bluish  green  in  the  spectrum  and  was  blind  to  blue 
and  yellow  ;  the  other  saw  )'ellow  and  blue,  but  was  blind  to  red 
and  green.  As  these  were  cases  of  monocular  color-blimlness  their 
obser\"ations  were  accurately  described.  From  these  data  he  out- 
lines a  theor\'  comprising  five  fumlamental  sensations,  the  comple- 
mentary pairs  red-green,  yellow-blue,  and  the  sensation  of  white. 
No  suggestion  is  given  as  to  what  are  the  retinal  processes  by  which 
the  colors  are  perceived. 
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1884.  A.  Angelucci :  "Una  nuova  teoria  sulla  visione,"  com- 
munic.  preventiva  presentata  AH'  Acad.  Med.  de  Roma, 
14  July,  1884.       Also  in  :  Rec.  d'Ophthalm.,  p.  34,  1886, 

1884.  F.  C.  Bonders  :  "  Noch  einmal  die  Farbensysteme,"  Graefe's 
Archiv  fiir  Ophthalmologic,  Bd.  30  (i),  p.  15. 
The  theory  of  Bonders  comprises  features  of  both  the  Young- 
Helmholtz  and  Hering  theories,  and  at  the  same  time  introduces 
some  new  ideas  of  the  possible  mechanism  of  color  perception  ;  the 
most  prominent  being  that  of  successive  partial  dissociation  of  the 
complex  color  molecules  of  a  single  visual  substance,  which  gives 
rise  to  the  four  simple  color  sensations,  red,  yellow,  green  and  blue. 
It  is  thus  a  four-color  theory,  but  he  supplemented  this  by  a  three 
color  theory  (red,  green,  violet)  under  certain  conditions  in  order  to 
obtain  for  his  theory  the  advantages  which  a  three-color  theory  has. 

1884.  C.  A.  Olliver.  "A  Correlation  Theory  of  Colour  Percep- 
tion." Phila.  Med.  Times,  14,  p.  715,  1883-4. 
"  Each  and  every  healthy  optic-nerve  filament  transmits  to  the 
color-center  of  the  brain  for  recognition,  nerve  energies  equal  to  as 
many  special  sensations  as  its  peripheral  tip  is  capable  of  perceiv- 
ing. Color  perception  takes  place  through  each  and  every  optic 
nerve  filament."  Instead  of  separate  nerves  for  several  independ- 
ent fundamental  color  sensations  with  the  retina  as  the  distinguish- 
ing factor,  the  "  color-center  "  of  the  brain  perceives  color  according 
to  the  specific  energy  transmitted. 

1886.     Roechlin. 

The  theory  of  this  writer  is  that  yellow  and  blue  are  the  only 
two  simple  colors  of  the  spectrum,  the  third  being  always  found 
fused  with  yellow  or  blue  to  form  reds  and  violets.  Roechlin 
asserts  that  purple  may  be  produced  by  combining  violet  and  yel- 
low, as  well  as  by  the  mixture  of  red  and  blue. 
1886.  S.  W.  Burnett.  "The  new  Theory  of  Color-perception." 
Amer.  Jour.  Ophthal.,  Vol.  3,  p.  278. 

In  this  theory  the  brain  is  made  the  differentiating  organ,  and 
the  nerve  fiber  is  supposed  to  undergo  different  changes  according 
to  the  different  colors  striking  the  retina.  The  same  nerve  is  the 
conducting  apparatus  for  different  colors,  which  set  up  corresponding 
undulations,  and  these  are  the  sources  of  different  color  sensations. 
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18SS.  W.  Wiiiidt.  "  Die  luiipfindun^fcn  des  Lichtes  und  der 
Farbcn."      Philos.  Studicii,  4.  p.  311. 

Apart  from  every  external  li^ht  stimulation  and  from  all  equiva- 
lent internal  stimuli  .such  as  pressure,  the  retina  is  in  a  constant 
condition  of  internal  stimulation.  To  this  corresponds  the  sensation 
black,  which  also  in  part  accompanies  the  light  stimuli  giving  rise 
to  the  sensation  gray. 

\\\  means  of  cver\'  externa  il   stimulation   two  different  ex- 

citation processes  are  set  free  —  a  chromatic  and  an  achromatic  — 
which  follow  different  laws.  With  weak  stimulation  the  achromatic 
has  the  greater  intensit)'.  with  moderate  light  excitation  the  chroma- 
tic is  more  intense,  while  with  the  most  intensive  stimulation  the 
achromatic  is  again  predominant.  The  achromatic  excitation  con- 
sists in  a  iiiii/orni  photochemical  process  which  reaches  its  maximum 
in  the  yellow.  The  chromatic  consists  in  a  />olyfornt  photochemi- 
cal process  which  represents  a  periodic  function  of  the  wave-length. 
Antagoni.stic  action  occurs  not  between  the  color  stimuli  them.selvcs, 
but  between  the  photochemical  processes,  and  results  in  leaving  a 
colorless  li^ht  stimulus. 


•fc>' 


18SS.      Chas.  \'.  Burton.     "  ]-',xperinients  ow  Colour-perception, and 
on    a    Photo-\'oltaic    Theor\-    of   X'ision."       Cambridge 
Philos.  Proc,  \'ol.  6,  1S86-9.  p.  30S. 

The  author  bases  his  theor\'  upon  exi)erimcnts  of  Dewar  and 
McKendrick  (Kdin.  Philo.  Trans.,  XX\TI.,  141),  who  have  shown 
that  there  is  a  considerable  electromotive  force  between  the  anterior 
portions  of  the  eje  and  a  transverse  section  of  the  optic  nerve.  It 
was  found  that  the  current  flowing  was  alteretl  in  amount  onl)*  wlien 
light  fell  upon  the  retina.  Yellow  and  green  ra\s  produced  the 
greatest  effect.  The  converse  phenomenon  is  well  known  that  an 
electric  current  applied  to  the  optic  nerve  produces  a  sensation  of 
light. 

The  theor\'  suggested  is  that  electric  currents  in  the  nerve  tibers 
produce  the  sensation  of  light,  aiul.  if  of  sufficient  intensity,  of  color 
also.  The  light  of  all  wave-lengths  falling  upon  the  retina  affects 
these  currents  in  various  degrees,  which  produce  the  phenomena  of 
color.  Persistence  of  vision  is  explained  by  a  reverse  current  due 
to  a  polarizing  electromotive  force. 
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1888.  A.    G611er.      "  Die    Analyse    der    Liclitwellen    durch    das 

Auge."      Dubois-Reymond's   Archiv  fiir   Physiologie,   I. 

and  II.,  p.  139.      Reviewed  by  C.  L.  Franklin  :  Am.  Jour. 

Psych.,  Vol.  2,  1888-9,  p.  155. 
Goller  explains  the  analysis  by  the  eye  of  light  waves  into 
sensations  of  differently  colored  lights  by  rotatory  polarization. 
"  Monochromatic  light,  on  entering  the  eye,  passes  through  the 
transparent  retina,  and  is  reflected  back  from  the  pigment  epithelium 
in  a  state  of  plane  polarization.  The  outer  members  of  the  cones 
play  the  part  of  a  plate  of  quartz  —  they  shift  the  plane  of  polariza- 
tion by  a  definite  angle.  A  molecular  motion  of  much  slower  period 
is  then  set  up  in  the  protoplasm  of  the  inner  members,  and  it  is  the 
sensitiveness  of  the  nervous  filament  to  the  plane  of  this  motion 
which  constitutes  the  sensation  of  color.  Two  complementary 
colors  are  colors  which  have  had  their  planes  of  polarization  rotated, 
one  ninety  degrees  more  than  the  other,  with  a  phase  difference  of 
a  quarter  wave-length,  the  amplitudes  being  the  same.  These  con- 
ditions would  be  sufficient  to  cause  their  superimposed  harmonic 
motions  to  produce  the  motion  of  circular  polarization,  and  that 
would  be  indistinguishable  from  the  motion  produced  by  all  the 
colors  of  white  light  acting  together. 

Two  vibrations  whose  planes  are  at  different  angles  would  give 
an  elliptic  motion  of  such  a  kind  that  the  direction  of  its  major  axis 
would  give  its  tint,  the  excess  of  the  major  axis  over  the  minor 
would  give  its  saturation,  and  the  minor  axis  would  give  the  amount 
of  white  light  mixed  with  it." 

1889.  Preobraschensky.     "  Hypothese  des  Farbensehens."     Jour. 

Russ.  Phys.-chem.,  phys.  part.  21,  p.  248.  Abstract: 
Jour,  de  Phys.,  II.,  9,  1890,  p.  538. 
In  this  article  the  author  very  seriously  modifies  the  Young- 
Helmholtz  theory.  In  place  of  three  kinds  of  nerve  elements  he 
supposes  two  —  one  sensitive  to  waves  from  .400  tt  to  .600,  the  other 
to  those  between  the  wave-lengths  .520  and  .790.  The  simple  sen- 
sations correspond  to  the  extreme  vibrations.  The  gray  sensation 
is  produced  by  the  simultaneous  impression  of  the  same  intensity  of 
two  colors  equally  distant  from  the  extremes.  The  perception  of 
the  intensity  of  light  is  the  same  in  both  theories. 
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1892.     C.   L.    Franklin.      "  Eine    ncue    Theorie   dor  Lichtcmpfin- 
dungen."     Zeit,  fiir  Psych,  und  Physiol.  derSinncsorganc, 
4,  p.  211. 
"  On    Tiieoiics  of   Light-Sensation."      Mind,   X.   S.,   2, 

1^93.  P-  473- 
"In  the  earliest  stage  of  its  development  the  visual  sense  con- 
sisted only  in  the  sensation  of  gray,  /.  c,  the  whole  black-gray- 
white  series  of  sensations.  There  is  a  certain  kind  of  molecule, 
called  the  '  gr;i)'-niolecule  '  which  is  composed  of  an  outer  range 
of  atoms  somewhat  looselv  attached  to  a  firmer  inner  core,  and 
having  different  periods  of  vibration.  The  light  waves  of  the  entire 
spectrum  in  some  measure,  and  particularly  those  of  the  middle 
part,  have  the  power  of  tearing  off"  this  outer  sheath  of  atoms  which 
react  chemically  upon  the  retinal  nerve  ends,  and  bring  about  the 
sensation  of  gray.  The  color  molecules  are  developed  from  the 
gray  molecules  in  the  following  manner  :  The  atoms  of  the  outer 
range  segregate  themselves  into  three  different  groups  at  right 
angles  to  each  other,  and  having  three  different  average  velocities. 
Light  of  the  fundamental  color  tones  (red,  green  and  blue)  tears  off 
from  a  large  number  of  molecules  those  atom- groups  whose  periods 
are  synchronous  with  the  vibrations  of  the  light,  and  those  special 
chemical  substances  are  set  free  which  excite  the  respective  color 
sensations.  Intermediate  waves  set  free  atoms  of  two  kinds  and  so 
give  rise  to  mixtures  of  colors.  Certain  mixtures  of  light  set  free 
all  three  kinds  of  nerve-exciting  substance  which  results  in  the  gray 
sensation." 

1892.  Pklmund  Hunt  :  "  Color  Vision."     Glasgow. 

In  a  critical  essay  Hunt  discusses  several  of  the  existing  theories 
of  color  vision,  and  the  interpretations  of  their  experiments  made  by 
various  writers.  In  addition  he  presents  a  theory  of  his  own.  Re- 
jecting the  various  three-color  and  four-color  theories,  he  maintains 
that  there  are  five  pure  or  princijxil  colors  :  red,  yellow,  green,  blue 
and  purple.  Xo  attempt  is  made  to  describe  any  retinal  processes 
b\-  which  the  pure  colors  and  their  mixtures  are  perceived.  Black 
and  white  are  not  considered  as  sensations. 

1893.  J.  H.  Haycraft :  "A  new   Hypothesis  concerning  Vision." 

Proc.  Roy  Soc,  54.  p.  272,  1S93. 
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This  paper  briefly  outlines  an  evolutionary  theory  in  which  color 
perception  is  a  development  of  an  earlier  existing  light-sense.  To 
be  concrete,  the  sensation  of  yellow  has  in  the  course  of  evolution 
been  produced  by  pigments  which  stimulate  the  eye  by  the  yellow, 
red  and  green  spectral  rays  which  they  transmit.  The  red  and 
green  rays  when  mixed  do  not,  however,  give  rise  to  red  and  green 
sensations,  but  simply  intensify  the  yellow  sensations.  In  a  similar 
way  combinations  of  other  rays  are  treated. 

1893.  H.  Ebbinghaus  :  "Theorie  des  Farbensehens."     Zeit.  fiir 

Psych,  u.  Physiol,  der  Sinnes.,  5,  p.  145.  Reviewed  by 
C.  L.  Franklin.  Mind,  N.  S.,  3,  p.  198,  1894. 
This  theory  is  a  development  of  Hering's,  with  the  distinctive 
idea — partial  dissociation — of  Bonders.  "The  visual  purple  is 
identical  with  a  photochemical  substance  of  such  a  nature  that  its 
primary  partial  dissociation  is  the  cause  of  the  sensation  of  yellow, 
and  its  completed  dissociation  is  the  cause  of  the  blue  sensation.  In 
the  cones  which  contain  no  visual  purple,  that  substance  does  in 
reality  exist,  but  is  concealed  by  the  presence  of  a  second  visual 
substance  which  is  successively  green,  red  and  white  in  color  {i.  e., 
is  always  complementary  in  objective  color  to  the  visual  purple  in 
all  its  color  changes)  and  which  is  the  source  of  our  sensations  of 
red  and  green.  There  is  a  third  colorless  substance  in  rods  and 
cones  alike  whose  decomposition  is  the  source  of  the  normal  white- 
gray  sensations,  and  of  the  sensations  of  the  totally  color-blind  as 
well  as  of  those  of  the  normal  eye  when  temporarily  color-blind 
owing  to  insufficient  illumination,  besides  contributing  to  the  bright- 
ness of  all  sensations  of  light." 

1894.  Oliver  J.  Lodge.      "The  Work  of  Hertz."     Nature,  Vol. 

50,  p.  137. 
In  this  review  of  Hertz's  work  a  brief  outline  of  an  electrical 
theory  of  vision  is  given  as  follows  :  "  I  therefore  wish  to  guess 
that  some  part  of  the  retina  is  an  electrical  organ,  say  like  that  of 
some  fishes,  maintaining  an  electromotive  force  which  is  prevented 
from  stimulating  the  nerves  solely  by  an  intervening  layer  of  badly 
conducting  material,  or  of  conducting  material  with  gaps  in  it ;  but 
that  when  light  falls  upon  the  retina  these  gaps  become  more  or  less 
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conducting  and  tlic  nerves  arc  stimulated.  This  intervening  la\er 
acts  as  a  coherer  affected  by  Hertzian  waves,  or  as  selenium  affected 
by  ordinary  lit^ht.  Tiie  sensation  of  light  is  due  to  electrical 
stimulus  ;  the  sensation  of  black  is  due  to  the  mechanical  or  tap- 
ping-back stinuihis.  Vision  is  persistent  until  this  latter  stimulus 
occurs.  The  energ)'  of  vision  is  supplied  by  the  organism,  the  light 
only  pulls  a  trigger." 

1894.  A.  Konig.     "  Uebcr  den  mcnschlichen  Sehjjurpur  und  seine 

Bedeutung  fiir  das  Sehcn."  Sit/.  Akad.  Wiss.  Berlin, 
Vol.  II..  p.  577. 
In  liis  papers  Ktniig  has  developed  the  \'oung-I  lelmholtz  theory 
along  the  line  of  assigning  specific  functions  to  the  rods,  cones,  and 
visual  purple.  "He  believes  that  the  cones  have  nothing  to  do 
directl)'  with  the  luminous  sensation,  but  that  they  are  catoptric  in- 
struments for  the  purpose  of  condensing  light  upon  the  walls  of  the 
pigment  epithelium,  where  the  photochemical  processes  take  place 
which  are  the  sources  of  the  sensations  of  red,  \'ellow  ami  green. 
The  blue  sensation  is  furnished  exclusively  by  the  visual  \'ellow  of 
the  rods,  and  the  sensation  of  a  faint  light  (and  that  of  the  totally 
color-blind)  is  also  blue  in  ijualit)'  and  is  due  to  the  visual  purj)le. 
Hence  the  fovea,  where  there  is  no  \isual  puqile,  is  blind  to  blue. 
The  blue  blindness  of  the  fovea  has  not  been  confirmetl  b\'  other 
observers." 

1895.  \V.  Nicati.      "  Theorie  de  la  coleur."      Archiv  d'Ophthal., 

XL,  p.  I.  Reviewed  in-  C.  L.  Franklin,  I'sychol.  Rev,, 
\'ol.  3.  1896. 
The  author  uses  such  words  as  protochroism,  nietachroism,  j^leo- 
chroism.  for  gray  vision,  partial  color-blindness  and  normal  vision 
respectively.  There  is  no  difference  in  rods  and  cones  that  will 
cause  three-color  sensations,  but  in  the  "  bipolar  cells  "  there  is  a 
separation  of  the  terminations  into  three  la\*ers  for  the  three  sensa- 
tions. The  visual  purple  is  chemically  alTected  by  light  and  gener- 
ates electric  currents  which  are  c<Mulucted  by  threads  of  varying 
resistances.  The  strength  of  current  which  is  conveyed  by  each 
thread  tletermines  the  character  of  the  color  sensation.  Suitable 
cells  are  provided  near   the  threads  which  send  down   condenser 
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discharges  to  undo  the  effects  of  the  first  currents.      For  example, 
after  red  has  been  seen  the  discharge  causes  green. 

1896.  G.  E.  Miiller.      "  Der  psychophysischen  Axiome  und  ihre 

Anwendung   auf   die    Gesichtsempfindungen."      Zeit.  fiir 
Psychol,    u.    Physiol.  desSinnes.,   Bd.    10,     1896,    p.    i. 
Second   paper;    ibid.,  ^.    321.      Also   two   other  papers, 
Bd.  14,  1897.      Reviewed  by  C.  L.  Franklin:  "  Professor 
Miiller's    Theory  of  the  Light    Sense."      Psychol.  Rev., 
Vol.  6,  1899,  p.  70. 
The  theory  set  forth  in  these  lengthy  papers  is  a  modification  of 
Herinsf's.      Instead  of  the  dissimilation  and  assimilation  of  visual 
substances  as  provided  by  Hering,    Miiller  takes  advantage  of  a 
conception  of  modern  chemistry,  namely  the  reversibility  of  chemi- 
cal action  under  suitable  conditions,  which  conditions,  he  assumes, 
are  realized  in  the  retinae  of  vertebrate  animals.      The  chemical  law 
of  mass  action  is  also  used  in  treating  of  the  intensity  of  the  photo- 
chemical processes.     The  pairs  of  sensations  are  the  same  as  in 
Hering's  theory  except  that  a  slight  difference  is  made  in  the  white- 
black  process.      Miiller  makes  use  of  the  "  self  light  "  of  the  retina 
in  modifying  the  antagonism  which  exists  between  the  black  and 
white  sensations.     These  do    not  naturally  counteract  each  other 
perfectly,  and  so  Miiller  assumes  that  the  "  self  light  "  produces  the 
gray  effects.      No  use  is  made  of  the  visual  purple  as  a  substance 
for  producing  vision,  but  it  is  regarded  as  an  aid  in  bringing  about 
adaptation  to  faint  light. 

1897.  J.    von    Kries.       "  Ueber  Farbensysteme."       Zeitschrift   f. 

Psych.,  XIII.,  p.    241.      "  Krit.   Bemerk.   zur  Farbenthe- 

orie,"  ibid.,  XIX.,  p.  175.  1898. 
Von  Kries  in  what  has  been  termed  a  "  reconstruction  "  of  the 
Young-Helmholtz  theory  apparently  inclines  to  the  view  "  that 
there  are  two  sorts  of  white  —  one  physiological  and  brought  about 
by  a  photochemical  dissociation  in  the  rods  ;  the  other  psychical 
and  due  to  a  mental  reconstitution  of  an  even  red-green-blue  sensa- 
tion into  a  sensation  of  indistinguishable  quality  from  the  first."  In 
the  latter  case  the  red,  green  and  blue  sensations  are  occasioned  by 
disturbances  of  the  cones  alone. 
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1897.  W.  Patten.     "A  Basis  for  a  Theory  of  Color  Vision."    Amer. 

Naturalist,  32,  p.  833.  Abstract :  Science,  N.  S.,  7,  1898, 
p.  219. 

"  The  theory  is  based  on  the  structure  of  retinal  cells  in  inverte- 
brates. The  structures  in  the  eyes  of  invertebrates  corresponding 
to  the  rods  and  cones  of  vertebrates  are  generally  composed  of 
groups  of  simple  or  compound  wedges,  containing  systems  of  trans- 
verse fibrils  accurately  graded  in  length,  according  to  their  iX)sitions 
in  the  wedges.  The  fibrils  are  alwa\'s  arranged  in  planes  at  right 
angles  to  the  ra\-s  of  light.  All  the  fibrils  in  these  planes  may  be 
parallel  to  one  another,  or  at  varying  angles,  or  they  ma\'  radiate 
from  the  axis  of  each  rod  like  the  bristles  on  a  test-tube  cleaner,  so 
that  no  two  fibrils  in  the  same  plane  are  parallel.  By  assuming 
that  the  length  and  angular  relations  of  a  fibril  determine  the  amount 
of  its  response  to  a  wave  of  light  of  a  given  length  and  plane  of 
vibration,  it  is  possible  to  offer  a  logical  explanation  of  man\'  phe- 
nomena of  color  vision." 

1898.  Adolph  Stohr.      "  Zur  llypothese  der  Sehstoffc  und  Grund- 

farben."  Leipzig  und  Wien  :  Deuticke,  1S98.  Reviewed 
by  C.  L.  I-Vanklin  :    Ps}xhol.  Rev.,  \'ol.  7,  1900.  p.  415. 

The  author  "assumes  several  visual  substances,  and  also,  in  the 
end-apparatus  of  the  optic  ner\c,  ultra-microscopic  visual  elements 
or  corpuscles  which  arc  excited,  under  jiroper  conditions  b\-  the 
visual  substances.  It  is  further  supposed  that  the  direct  action  of 
light  upon  the  visual  corpuscles  is  already  suffident  to  set  them 
into  molecular  vibration,  and  that  the  effect  of  the  visual  substance 
is  simply  to  modify  and  to  strengthen  this  vibration.  The  object 
of  this  duplex  supposition  is  to  combine  in  one  a  photo-chemical 
hypothesis  and  a  photo-ph\*sical  one.  In  the  highest  animals  these 
substances  are  three  in  number,  and  they  give  rise  to  the  elementar)' 
color  sensations. 

"The  visual  elements,  coq^uscles  or  threads  as  they  are  variously 
called  consist  of  minute  fibers  each  thickly  strewn  over  its  entire 
surface  with  projecting  flat  plates,  four  in  a  given  plane,  and  composed 
of  material  of  four  different  sorts  fitted  to  respond  to  four  different 
sorts  of  stimulus  and  to  furnish  three  primar)'  color  sensations 
together  with  the  .sensation  of  white.     The  most  characteristic  part 
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of  the  theory  is  that  these  Httle  plates  are  set  into  molecular  vibra- 
tion in  the  first  instance  by  the  direct  action  of  light  (all  alike  in 
this  case,  and  attended  by  the  white  sensation),  but  in  the  second 
instance  this  vibration  is  added  to  by  the  synchronous  molecular 
vibrations  of  the  three  photo-chemical  substances,  when  severally 
produced  by  light  of  different  periodicity.  It  is  then  neither  the 
production  nor  the  destruction  of  a  photo-chemical  substance  that 
is  effective  in  exciting  the  nerve  terminals,  but  it  is  during  its  rela- 
tively brief  period  of  existence  that  a  given  substance  acts  upon  the 
particular  color-plate  with  which  it  is  in  harmony." 

The  various  theories  outlined  in  this  paper  are  shown  in  their 
mutual  relationship  to  some  extent  in  the  accompanying  figure. 
From  Newton  to  Hering  the  development  of  color  theory  proceeded 
along  one  main  line,  the  latter  originating  a  new  branch  which 
rivals,  and,  in  the  opinion  of  many,  completely  overshadows  the 
parent  stem.  By  a  combination  of  characteristic  features  of  both 
Young-Helmholtz  and  Hering  theories,  Bonders  directed  devel- 
opment along  a  third  line.  At  present  therefore  color  theorists  are 
divided  into  three  groups,  the  physicists  conservatively  holding  to 
the  main  line,  the  psychologists  and  physiologists,  while  divided  in 
their  allegiance,  for  the  most  part  accepting  the  hypothesis  of 
Hering. 

The  chief  theories  are  criticised  from  the  psychological  standpoint 
in  the  "Dictionary  of  Philosophy  and  Psychology"  art.  'Color 
Vision.'  Several  are  also  treated  at  considerable  length  in  Sir 
Michael  Foster's  "Text  Book  of  Physiology,"  and  in  Calkins' 
"  Introduction  to  Psychology,"  as  well  as  in  other  works  of  a 
similar  character.  To  these  and  to  the  critical  reviews  by  Mrs. 
Franklin  which  are  referred  to  in  their  place,  as  well  as  to  Dr.  J.  \V. 
Baird  of  the  Department  of  Psychology,  Cornell  University,  I  am 
indebted  for  valuable  information. 

Physics  Department,  Cornell  University. 
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SOM1-:    I'HKNOMKXA    OF   TIIK    PKli>^STENCE   OF 

VISION.' 

By  Frank  Allen. 


''T^ 


1^^111%  experiments  to  be  de.scribed  in  this  paper  were  suggested 
'^  by  some  discussed  in  a  communication  ^  to  the  Physical 
Riiviiiw  some  years  ago.  A  full  description  was  there  given  of  the 
method  of  measuring  the  persistence  of  vision  which  was  first  used 
by  E.  L.  Nichols.  The  essential  features  of  this  method  are  few 
and  simple.  In  front  of  the  slit  of  the  spectrometer  is  placed  a 
sectored  disk,  which,  when  rotated  by  an  electric  motor,  interrupts 
the  light  causing  a  flickering  of  the  part  of  the  spectrum  under 
observation.  By  electrical  means  the  speed  of  the  disk  is  recorded 
on  paper  on  a  rotating  drum,  which  enables  the  duration  of  a  single 
flash  of  light  upon  the  eye  to  be  determined  when  the  speed  of 
rotation  of  the  disk  is  such  that  the  flickering  just  disappears.  The 
duration  of  these  light  impulses  varies  with  the  luminosity  of  the 
spectrum,  and,  when  plotted  with  the  wave-lengths  of  the  colors 
observed  as  abscissa;,  gives  a  persistence  of  vision  curve. 

I.  It  was  observed  '  that  when  the  eye  is  protected  from  light  by 
being  blind-folded  or  b}'  remaining  in  a  dark  room,  the  time  of 
persistence  of  all  color  impressions  was  increased.  Fxperimcnts 
were  accordingly  made  to  determine  how  this  effect  varied  with  the 
time  of  darkness  adaptation.  Observations  of  the  persistence  of 
vision  were  made  on  four  colors,  red,  yellow,  green  and  blue,  after 
intervals  of  darkness  adaptation  of  one,  three,  five,  ten  and  fifteen 
minutes.  The  wave-lengths  of  the  colors  observed,  and  other 
measurements,  are  given  in  Table  I.  ami  the  results  are  shown 
graphically  in  Fig.  i.  I'or  convenience  in  plotting,  the  ordinatcs 
are  the  differences  between  the   normal   readings  and   those  made 

'  Read  before  the  Royal  Society  of  Canada,  May,  1 90S. 
'Frank  Allen,  FnYS.  Rkv.,  Vol.  XI.,  1900,  p.  257. 
'Ibid.,  p.  265. 
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after  the  different  intervals  of  adaptation.     The  adaptation  curves 

are  of  the  "  saturation  "  type,  and  show 
that,  as  far  as  the  persistence  of  vision  is 
concerned,  darkness  adaptation  produces 
its  maximum  effect  in  about  five  minutes, 
the  measurements  after  the  ten  and  fif- 
teen minute  intervals  showing  no  in- 
crease over  those  for  five.  There  is, 
indeed,  an  indication  in  the  curves  of  a 
partial  return  to  the  normal  condition  of 
the  retina  between  the  five  and  fifteen 
minute  intervals  of  adaptation. 
It  will  also  be  noticed  that  the  maximum  is  least  in  the  case  of 

the  brightest  color  used   (A  =  .567/^),  and  greatest  for  the  feeblest 

(A  =  .463  IX). 

Table  I. 


Fig.  1. 


Adaptation. 

Observation  Color. 

A=  .567  ^i-. 

^  =  -SOS  M. 

A  =  .650 /a. 

A  =  . 4631a. 

Time, 

Persistence. 

Diff. 

Persistence. 

Diff. 

Persistence. 

Diff. 

Persistence. 

Diff. 

Normal. 

.0117  sec. 

0 

.0133  sec. 

0 

.0135  sec. 

0 

.0193  sec. 

0 

1  minute. 

.0117    " 

0 

.0139    " 

6 

.0137    " 

2 

.0206    " 

14 

3  minutes. 

.0124    " 

7 

.0143    " 

8 

5        " 

.0127    " 

10 

.014S    " 

12 

.0153    " 

18 

.0216    " 

24 

10        " 

.0126    " 

9 

.0144    " 

11 

.0152    " 

17 

.0216    <' 

24 

IS       " 

.0128    " 

11 

.0146    " 

13 

.0152    " 

17 

.0217    " 

25 

II.  A  similar  series  of  curves  was  obtained  after  fatiguing  the  ret- 
ina by  exposure  to  light  of  certain  definite  hues.  Readings  of  the 
persistence  of  vision  were  made  after  intervals  of  fatigue  of  one,  two, 
three,  five  and  ten  minutes.  Observations  were  made  upon  the 
same,  or  nearly  the  same,  portions  of  the  spectrum  as  the  fatiguing 
colors.  The  measurements  are  shown  in  Table  II.  and  are  plotted 
in  Fig.  2  according  to  a  convenient  scale  of  numbers  so  chosen  that 
the  curves  are  all  exhibited  in  one  figure.  The  zero  of  each  curve, 
which  corresponds  to  the  normal  persistence  of  the  particular  color, 
is  the  intersection  of  the  curve  with  the  axis  of  ordinates. 

With  all  colors  the  fatiguing  effect  of  the  light  stimulus  reaches 
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its  maximum  in  about  three  minutes,  further  exposure  to  lij^ljt  seem- 
ing to  make  no  difference  with  the  duration  of  liglit  impressions. 


Tahlk   11 


Time 

of 

Fatigue. 


Observation  Color 

A     .650 M. 

Fatigue  Color 

A       .675  >i. 


Persistence. 


Time 

of 

Fatigue. 


Normal . 

1  min. 

2 

3 

5 
10 


No. 
0 

7 

13 
14 
14 


Observation  Color 

A       .5lO>i. 

Fatigue  Color 
A      .513  M. 


Persistence. 

.0126  sec. 

.0128 

.0134 

.0136 

.0136 

.0136 


No. 

24 
26 
32 
34 
34 
34 


A     ,6iom 
A      .610(1 

^     -575 H 

A       .589  M 

Persistence. 
.0123  sec. 

No. 
12 

Persistence. 

.0118  stiC. 
.0119 

.0119 


.0128 

17 

.0119 

.0128              17 

.0128              17 

.0119 

A  ^.500,1 

A       .485  M 

A      .50OM 

-'■       .485  M 

Persistence. 

No. 

Persistence. 

.0140  ^ec. 

29 

.0156  sec. 

.0148 

37 

.0160 

.0147 

36 

.0160 

.0148 

37 

.0160 

A=.540m 

No.     Persistence. 

19   .0125  sec. 

20 

20 

20 


20 


.0132 
.0132 
.0132 


A=.47Jm 


Time  of 
Fatigue. 


Observation  Color 

A      .4IOM. 

Fatigue  Color 

A     .4>3m. 


Persistence. 


Normal. 
1  min. 

2 

3 

5 

10 


.0334  sec. 
.0355 

.0373 
.0376 

.0374 


A        .450  M 
A      .450  M 

Persistence.  No. 

.0225  sec.  44 


No. 
22 


29 
29 
29 


No.     Persistence.     No. 


36 

.0165  sec. 

42 

.01"5 

42 

.0165 

42 

40 

.OlbS 

42 

40 

40 

.0165 

42 

A       .430  u 
A        .430 « 

Persistence.  No. 

.0280  so  46 


.0231 


.0231 


50 


50 


.0301 
.0301 
.0301 


67 
67 

67 


Perhaps  the  most  remarkable  curves  are  those  fortlic  yellow  and 
blue  colors  whose  wave-lengths  arc  .575  //  and  .472  //  respectively. 
The  latter  of  these  is  a  straight  lino,  and  the  former  nearly  so.  For 
these  colors  the  retina  does  not  seem  capable  of  being  fatigued,  as 
the  duration  of  the  color  impressions  always  retains  its  normal  value. 

The  differences  between  normal  and  maximum  readings  of  the 
various  curves  vary  in   magnitude,  and  arc  shown  in  I'ig.  3.     This 
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curve  is  characterized  by  three  elevations,  corresponding  to  the  red, 
green  and  violet  of  the  spectrum,  which  are  separated  by  two  de- 
pressions corresponding  to  yellow  and 
blue  of  wave-lengths  .575  n  and  ,472 
jj.  respectively.  It  is  noteworthy  that 
these  two  depressions  agree  with  the 
fundamental  yellow  and  blue  of  the 
Hering  theory  of  color  vision,  while 
the  blue  is  nearly  that  chosen  by 
Helmholtz  and  by  Konig  and  Diderici 
(viz.  /  =  .470  fi)  as  one  of  their  fun- 
damental colors.  The  wave-lengths 
of  the  maxima  of  the  red  and  green 
elevations  also  are  the  fundamentals  of 
those  colors  which  have  been  selected 
by  the  last  two  writers. 

This  curve  with  its  three  elevations 
seems  to  support  the  view  that  there 
are  but  three  fundamental  color  sensa- 
tions, which  correspond  to  some  hues 
of  red,  green  and  violet. 

III.  It  was  noticed  from  time  to 
time  that  the  persistence  of  color 
impressions  was  not  constant  over 
all  parts  of  the  retina.  When  no 
flickering  of  the  color  under  observation  was  perceptible  in  the 
center  of  the  retina  a  slight  movement  of  the  eye  in  any  direction, 
which  allowed  the  light  to  fall  upon  the  peripheral  portions  of  the 
retina,  was  always  sufficient  to  destroy  the  apparent  continuity  of 
the  light. 

To  investigate  this,  a  short  piece  of  platinum  wire,  heated  elec- 
trically so  as  to  be  just  plainly  visible,  was  placed  in  such  positions, 
that,  when  viewed  directly  by  the  eye,  the  flickering  light  of  the 
spectrum  fell  at  determinate  positions  on  the  outlying  parts  of  the 
retina. 

Two  sets  of  observations  were  made  at  two  regions  on  the  tem- 
poral side  of  the  retina  about  ten  and  twenty  degrees  from  the  center 


Fig.  2. 
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Mea.surements  were  attempted  at  otlui  it— i>ii->  lulim    .uii,  uv,\  the 
results  were  too  uncertain  to  be  of  any  use. 
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FlR.  4. 


The  measurements  are  shown   in  Table  III.  and  are  plotted  in 
Fig.  4  in  comparison  with  a  curve  for  the  center  of  the  ej'e. 


Taijle 

III. 

Persistence. 

.562 

Persistence. 

* 

Center  of 
Retina. 

.0372 

10° 

Region. 
.0361 

Region. 

Center  of 

KcT::-.i 

.0127 

IO° 

Recion. 

.0122 

Region. 

.418 /i 

0117 

.446 

.0274 

.0238 

.0233 

.588 

.0126 

.0123 

.0120 

.472 

.0196 

.0185 

.0174 

.620 

.0132 

.0125 

.0119 

.495 

.0163 

.0148 

.670 

.0158 

.0150 

.0144 

.520 

.0141 

.0132 

.0128 

.705 

.0198 

.0184 

.0170 

.538 

.0135 

.0120 

i-vl  ->,) 

.720 

.0220 

.0216 

,  ^  n;  c 

The  curves  show  that  the  duration  of  all  color  impressions 
diminishes  as  the  di.stance  from  the  center  of  the  retina  increases  ; 
or.  in  other  words,  the  peripheral  portion  of  the  retina  is  more 
sensitive  to  tluctuations  in  the  intensity  of  the  light  than  the  center. 

The  ten  and  twent\-  degree  curves  show  also  a  remarkable  ele- 
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vation  in  the  part  corresponding  to  the  yellow  and  greenish  yellow. 
In  direct  vision  the  light  rays  fall  upon  the  macula  lutea  or  yellow 
spot  where  the  greatest  distinctness  of  vision  occurs.  This  spot  is, 
however,  small  and  would  not  be  stimulated  by  the  light  falling  on 
the  outer  regions.  As  the  lowest  point  of  the  persistency  curve 
corresponds  to  the  brightest  part  of  the  spectrum,  the  curves  show 
that  to  the  outer  regions  of  the  retina  under  consideration,  the  most 
luminous  point  of  the  spectrum  is  nearer  the  green  than  it  is  to  the 
macula  lutea. 

An  elevation  in  a  persistency  curve  has  always  been  found  asso- 
ciated with  some  induced  or  natural  abnormality  of  color  vision. 
Here,  however,  it  is  found  in  the  normal  persistency  curves  for  the 
outer  portions  of  the  retina,  and  indicates  some  slight  modification 
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Fig.  6. 


in  the  perception  of  yellow.  The  macula  lutea  contains  a  yellow 
pigment  and  no  visual  purple,  while  the  retina  in  other  parts  has 
only  the  visual  purple.  This  latter  substance  absorbs,  and  is 
bleached  by,  light  of  all  parts  of  the  spectrum  but  in  amounts  vary- 


No.  I] 


rERSISTEXCE    OF   VIS/OX. 


51 


ing  with  the  wave-length,  the  absorption  being  very  shght  in  the 
red  and  greatest  in  the  yellowish  green,  which  has  the  most  rapid 
bleaching  effect.  The  region  of  the  spectrum,  therefore,  which  is 
most  absorbed  by  the  visual  purple  coincides  with  the  elevations  of 
the  persistency  cur\'es. 

I\'.  In  the  paper  to  which  reference  has  been  made  an  experi- 
ment was  described  in  which  a  persistency  curve  was  obtained  when 
the  eye  was  fatigued  with  white  light  from  an  electric  arc.  This 
curve  and  its  comparison  normal  curve  are  shown  in  Fig.  5  which 
is  reproduced  from  the  paper  cited. 

As  white  light,  indistinguishable  from  ordinar)'  white,  may  be 
obtained  by  mi.xing  two  complementary  colors,  observations  of  the 
persistence  of  vision  were  made  after  fatiguing  the  retina  with  proper 
combinations  of  colors.  Two  overlapping  spectra  were  formed  with 
a  Helmholtz  color  mixer  and  the  selected  complementaries  com- 
bined in  a  shutter  eyepiece.  By  means  of  nicol  prisms  in  the  col- 
limators the  intensities  of  the  two  spectra  were  adjusted  until  the 
narrow  field  of  light  in  the  eyepiece  was  white. 

The  first  pair  of  complementaries  used  consisted  of  yellow 
(^•  =  •577/^)  s"cl  blue  (^.  =  .474 /i)  as  determined  by  von  Kries. 
The  readings  are  given  in  Table  IV.,  with  the  corresponding  normal 
values,  and  the  results  are  graphically  shown  m  Fig.  6. 


T.\BLE   IV'. 


A 

Normal 
Persistence. 

Fati|rued 
A  -=  .577  M 

A 

Normal 
Pers'.ttencc. 

hye  Fatigued 
with 

—7 »» 

A  =  .474  M. 
.0350  ^cc. 

.530  u 

.0138  src. 

4    4». 

.725  <i 

.0295  sec. 

.0127  sec. 

.710 

.0307 

.515 

.0148 

.698 

.0209 

.0254 

.505 

.0155 

.0141 

.670 

.0157 

.0166 

.495 

.0166 

.643 

.0135 

.0142 

.483 

.0190 

.0182 

.615 

.0125 

.0128 

.463 

.0251 

.0225 

.590 

.0121 

.445 

.0334 

.0371 

.580 

.0127 

.428 

.0398 

.565 

.0115 

.410 

.0451 

.0491 

.554 

.0130 

The  second  pair  of  complementaries  was  red  {).  =  .6^6  u)  and 
green  (/  =  .493 /i),  determined  by  Helmholtz.    The  readings  of  the 
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persistence  of  vision  in  this  case  are  given  in  Table  V.  and  plotted  in 
Fig.  7.  The  normal  curve  in  this  figure  is  the  same  as  that  for  the 
preceding  case,  given  in  Table  IV. 

Table  V. 


A 

Eye  Fatigued 

with 

A  =  .656  iL 

A  =  .492  \i.. 

A 

Eye  Fatigued 

with 

A  =  .656 IX. 

A  =  .492  (n. 

A 

Eye  Fatigued 

with 

A  =  .656  tx 

A  =  .492^1. 

.725/i 

.0353  sec. 

.566  « 

.0122  sec. 

.470^ 

.0204  sec. 

.710 

.0335 

.548 

.0125 

.463 

.0238 

.698 

.0230 

.530 

.0130 

.454 

.0293 

.670 

.0161 

.517 

.0137 

.445 

.0395 

.643 

.0136 

.505 

.0151 

.428 

.0522 

.615 

.0122 

.492 

.0167 

.410 

.0527 

.590 

.0120 

.483 

.0182 

On  comparing  the  figures  both  curves  will  be  seen  to  be  essen- 
tially the  same,  and  to  differ  greatly  from  the  curve  shown  in  Fig. 
5.      The  fatigue  curves  obtained  with  the  complementary  colors  are 
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elevated  above  the  normal  at  both  ends,  whic  >.  ,;  ,v.  ^,  ...w  i  -  ..^ 
and  violet,  and  are  depressed  below  the  normal  in  the  middle  which 
corresponds  largely  to  ijreen.  The  intersections  of  the  curves  in 
each  figure  (6  and  7)  occur  in  the  blue  at  /.  =  -455/^,  and  in  the 
orange  near  the  yellow,  at  /  =  .62  fi.  The  effect  on  the  retina  of 
white  light  of  the  comparati\ely  few  wave-lengths  comprised  in  the 
complementary  colors  must  of  necessity  be  different  from  that  of  the 
complex  mixture  of  waves  forming  the  white  light  from  an  electric 
arc.  The  eye  is,  however,  unable  to  see  any  difference  in  the  ap- 
pearance of  the  two  lights  when  both  are  of  the  same  intensity  ; 
yet  measurements  of  the  persistence  of  vision  are  capable  of  show- 
ing in  a  most  striking  manner  the  differences  in  the  physiolorical 
effects  of  the  two  white  lights  on  the  retina. 

It  is  most  remarkable  that  the  curves  in  Figs.  6  and  7  are  de- 
pressed below  the  normal  in  the  part  corresponding  to  green.  For 
when  the  eye  is  fatigued  with  yellow  light  (/  =  .577/i)  alone,  for 
example,  the  resulting  persistency  curve  has  two  elevations,  one  in 
the  red  and  the  other  in  the  green,  as  shown  in  Fig.  S,  which  is 
plotted  from  the  data  in  Table  \T. 

T.MJLE  \T. 


Norm.!        <      Eye  Fatigued 
Persistence.  with 

A  -.577m. 


X 

i    Perststc 

•  M  1 

:ncc 

Eve  Faticuad 
with 
•577  m. 

.5bO 

.0U5 

sec. 

.0142  sec. 

.530 

.0144 

.0160 

.514 

.0156 

.0170 

.497 

.0198 

.483 

.0206 

.0228 

.445 

.0352 

.427 

.0463 

.410 

.04S6 

.725 «  .0315  sec.  I   .0377  sec. 
.706  .0308 

.698  .0268 

.670  .0185        .0194 
.643  .0161 

.615  .0142        .0146 

.581   I   .0136 

No  persistency  curve  has  been  obtained  when  the  eye  was  fatigued 
with  the  complementary  color,  blue,  of  wave-length  .474//.  Fig.  9, 
however,  is  a  persistency  curve  obtained  when  the  fatiguing  stimulus 
was  another  blue,  the  wave-length  of  which  was  .440//.  This 
figure  is  reproduced  from  the  paper  previously  referred  to. 

Assuming  that  the  curve  for  /  =  .474  //  would  be  nearly  the  same 
as  that  for  /  =  .440m,   an   assumption   which  is  almost  certainly 


54 


FRANK  ALLEN. 


[Vol.  XXVIII. 


correct,  it  is  seen  that  fatiguing  the  eye  with  blue  produces  two  ele- 
vations in  the  curve,  one  in  the  violet  and  the  other  in  the  green. 
It  would  seem  natural  to  expect  the  curve  obtained  when  the  eye 
was  acted  upon  by  both  colors,  wave-lengths  .577  /i  and  .474/^,  to 
have  three  elevations  to  correspond  with  those  in  Figs.  8  and  9. 
Instead  of  this,  however,  the  persistency  curve  in  Fig.  6  shows 
two  elevations  and  one  depression.  The  anticipated  double  elevation 
jn  the  green  is  actually  replaced  by  a  depression.  As  the  duration 
of  color  impressions  on   the  retina  is   an   inverse   function   of  the 
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Fig.  10. 


luminosity  we  have  the  paradoxical  conclusion  that  doubly  fatiguing 
the  green  sensation  with  blue  and  yellow  together  causes  green 
light  to  make  a  more  luminous  impression  than  it  does  normally. 
Further,  since  the  parts  of  the  curve  disturbed  by  fatiguing  the 
retina  with  blue  and  yellow  are  the  red,  the  green  and  the  violet,  it 
follows  that  none  of  the  color  sensations  are  independent  of  each 
other ;  while  the  fact  that  the  curve  suffers  disturbances  in  three 
parts  seems  to  favor  the  theory  of  three  fundamental  color  sensa- 
tions. 
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The  persistency  curve  in  Fij^.  7  wasobtiiiiieu,  a^.  iiKiiiioucu  i>ti-ui:, 
when  the  eye  was  fatigued  with  red  and  green  of  complementary 
hues.  Now  wlien  the  retina  is  acted  on  by  red  or  by  green  sepa- 
rately a  persistency  curve  is  obtained  with  but  one  elevation  which 
occurs  in  the  part  of  tlie  curve  corresponding  to  the  color  used  in 
fatiguing  the  eye.  Tiiis  is  shown  in  the  curves  in  Figs.  10  and  i  i 
which  are  taken  from  the  paper  referred  to  several   times. 
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Fig.  12. 


When,  however,  the  eye  is  fatigued  with  complementary  red  and 
green  colors,  the  curve  (Fig.  7)  has  an  elevation  in  the  red,  a  dcpcs- 
sioii  instead  of  an  elevation  in  the  green,  and  a  pronounced  elevation 
in  the  violet.  It  is  remarkable  that  there  is  no  green  elevation, 
and  still  more  remarkable  that  the  violet  sen.sation  is  affected  at  all, 
or  at  least  to  any  very  perceptible  amount.  It  is.  perhaps,  possible  that 
the  white  light  formed  by  combining  complementary  red  and  green 
hues  isa  compound  with  properties  of  its  own  quite  different  from  those 
of  the  separate  components,  and,  in  virtue  of  its  being  Ti •/«/<',  stimu- 
lates  all   three  .sensations,   red,   green   and  viol<>t.  even   though   no 
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violet  light  is  present.  The  same  idea  would  also  apply  to  the 
curve  in  Fig.  6,  though,  as  we  have  seen,  the  occurrence  of  the  ele- 
vations there  is  susceptible  of  another  explanation. 

Both  persistency  curves  obtained  when  the  retina  was  fatigued  by 
the  compounded  complementary  colors  intersect  the  normal  in  two 
places,  one  in  the  blue  at  I  =  .455  //,  and  the  other  in  the  orange  at 
A  =  .62  [1.  This  latter  color  was  used  as  a  fatiguing  stimulus  and 
a  persistency  curve  obtained  which  is  plotted  in  Fig.  12  from  the 
data  in  Table  VII.  The  curve  shows  two  elevations,  one  in  red  and 
the  other  in  green,  indicating  the  generally  admitted  composite  char- 
acter of  the  sensation  of  orange  light. 

Table  VII. 


A 

Normal 
Persistence. 

Eye  Fatigued 

with 

A  =  .62 /x. 

A 

Normal 
Persistence. 

Eye  Fatigued 

with 

A=  .62  M. 

.725^ 

.0315  sec. 

.0383  sec. 

.566/i 

.0135  sec. 

.0140  sec. 

.706 

.0319 

.530 

.0141 

.0151 

.698 

.0261 

.514 

.0166 

.670 

.0185 

.0183 

.497 

.0177 

.0186 

.643 

.0149 

.483 

.0207 

.0231 

.615 

.0133 

.0136 

.427 

.0453 

.581 

.0135 

.410 

.0485 

In  general  we  may  conclude  that  the  experiments  described  in  this 
paper  strongly  support  the  view  that  the  fundamental  color  sensa- 
tions are  red,  green  and  violet. 

I  desire  to  acknowledge  my  indebtedness  to  the  kindness  of  Pro- 
fessor E.  L.  Nichols,  director  of  the  Department  of  Physics,  Cornell 
■University,  in  whose  laboratory  these  experiments  were  performed. 
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111  an  exlt'u.sivc  paper  t»ii  "Tlio  Luiniiitju.'^  Ktjuivaleut  of  HaUiatioii," 
Nutting t  thus  suniniaiize.s  .sonic  of  the  more  injpoilant  clmraclerwtics 
of  the  vi.sual  le.sponse  to  radiation: 

I.  "Sensibility  to  Sligiit  DilTerences  in  Wave  Ix-ngth,  ha.s  iwo 
pronounced  maxima,  one  in  tlie  yellow  and  one  in  the  jjreen;  and  two 
sligiit  maxima  in  the  extri'Uie  blue  aiul  red.  These  maxima  varv 
considoral)ly  with  the  individual  and  i)rol)aljly  al.so  with  tlic  intciL^itv 
of  the  ladiation  useil." 

II.  "Sensiliility  to  Radiation  of  N'aryinjr  Intensity: 
Sensibility  falls  off  steadily  with  increasiii};  intensity.     It  is  approx- 
imately  inviMsi'ly   proptutional   to   the  inten.sity  over  a   wide  range. 
The  ratio  of  optical  intensity  to  intensity  i>f  radiati<»n  increases  more 
rapidly  for  red  than  for  blue  and  gret^n  {Purkinje  phcnm 

III.  "Sensibility  to  small  DilTerences  in  Intensity": 

Tile  least  perceptible  increment  measured  as  a  fraction  of  the 
whole  is  ai>proximately : 

(1)  Independent  of  Intt'usity  {Fechncr's  Imw).  h  i~  .....li^  -oIO 
for  moderate  and  high  intensities  ,iiid  ni-urT  f.n  v.-w  l..\v  -m,!  .vf  rcmely 
high  intensities. 

(2)  Independent  of  Waxc  Length  (Konii/s  Imw)  at  constant 
luminosity,  extremes  again  excepted. 

(3)  Indei)endent  of  the  Indiviilual." 

With  the  exception  of  number  I  the  above  characteristics  of  the 
visual  responi^e  to  radiation  have  l)een  verilieil  by  several  ob.^ervers. 
But  concerning  the  .sensibility  of  the  retina  to  slight  changes  in  tlu* 
wave-length  of  the  light  no  investigation  of  a  very  exhaustive  nature 
appears  to  have  been  comlucted.  Perhaps  the  bt»st  recent  data  are  those 
due  to  Dr.  Olga  Steindler;t  but  even  there  a  spectrum  of  only  one 
intensity  ap|>ears  to  have  been  considered.  W  ith  a  view  then,  in  the 
first  place  (*f  verifying  rtv^ults  alreadv  obtaine*!  I»y  Steindlep  and  others. 

*To  be  printed  also  in  the  Physical  i 

tP.  G.  Nutting:  Bulletin  of  the  Bure^ui  oi  ?«tandar\is,  l'.t0^.  Vol.  5.  No.  2.  page 

20.-1. 

JWienSitz.:  II:i.  llo.  pp.  1-24.  HXH». 
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and  in  the  second  place,  of  investigating  the  behaviour  of  these  maxima 
with  changes  in  the  intensity  of  the  radiation  used,  the  following  obser- 
vations were  made. 

When  it  was  found  that  all  of  the  chief  characteristics  might  be 
investigated  by  the  apparatus  to  be  used  in  the  case  of  number  I,  and 
in  view  of  the  fact  that  it  appeared  to  be  an  original  method,  it  was 
decided  to  investigate  all  three  cases.  It  was  thought  that  the  accuracy 
with  which  the  well  known  phenomena  were  established  might  indicate 
the  reliability  of  the  results  obtained  in  the  first  case. 

Historical  * 

Mandelstamm  f  appears  to  have  been  the  first  to  investigate  the- 
color  sensitiveness  of  the  human  eye  for  slight  differences  in  the  wave 
length  of  light  observed.  By  shifting  the  plates  of  an  ophthalmometer 
so  as  to  give  a  just  perceptible  color  difference,  he  obtained  a  means  of 
observing  sensibility  in  different  parts  and  obtained  in  this  way  maxima 
of  sensibility  in  the  region  of  the  D  and  F  lines.  Dobrowolosky  {  came 
to  the  same  conclusion  by  similar  means.  Peirce*  investigated  the 
sensitiveness  of  the  eye  to  slight  differences  of  color  by  having  two 
identical  spectral  bands  one  immediately  above  the  other,  the  upper 
one  of  which  might  be  shifted.  The  object  of  the  experiment  was  to 
see  how  small  a  displacement  could  be  infallibly  detected  and  named  in 
direction  by  the  observer  in  different  parts  of  the  spectrum.  He  found 
maxima  situated  similarly  to  those  found  by  other  investigators.  i\Ioie 
accurate  results  were  first  obtained  by  Konig  and  Dieterici.^  Uhthoii^ 
also  investigated  the  differences  in  wave  length  for  just  observable 
color  differences.  Brodhun,'  himself  color  blind,  gi^'es  measurements 
after  the  method  of  Konig  for  mean  intensities.  Exner'  also  gives  a 
single  service  of  measurements  on  a  widely  dispersed  spectrum.  In  this 
connection  also  Steindler*  reports  observations  upon  twelve  subjects. 
A  spectrum  with  a  dispersion  of  about  85  cm.  at  the  pomt  observed  was 
obtained  by  means  of  an  arc  light  and  a  concave  grating.  The  light 
from  the  spectrum  at  this  point  fell  upon  two  totally  reflecting  prisms 
placed  vertically  one  above  the  other  and  after  reflections  from  a  second 

♦Historical  references  taken  from  Dr.  Steindier's  paper. 
tGrafe's  Archiv:  Bd.  13,  p.  399. 
JEbenda,  Bd.  18,  p.  99. 

*  American  Journal  of  Science,  Vol.  26  (1883),  p.  299. 

*  Annalen  der  Pliysik  nnd  Chemie,  Bd.  22,  p.  579. 
«  Grafe's  Archives,  Bd.  34,  4,  p.  1. 

^  Zeltschr.  fur  Psych,  und  Phys.  Bd.  34  (1892),  p.  89. 

«L.  c.  p.  875. 

^WienSitz.:  Ha,  115,  pp.  1-24,  1906. 
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larger  jjrisni  two  adjatciit  tk'lds  appeared  iu  the  fve-piece.  .Since  iJie 
upper  of  the  two  smaller  piisins  was  ino\-ealjle  along  a  Jiorizontal  »c-ale 
light  of  the  same  or  slightly  different  wave  length  might  Ijc  viewed  in 
the  field,  in  this  way  the  amount  of  change  necessary  to  produce  a 
just  perceptible  but  distinct  color  difference  was  measured.  X'alues 
thus  obtained  were  mean  values  for  at  least  ten  observations  made  by 
the  same  person  on  the  same  portion  of  the  spectruni. 

Description  of  Apparatus. 

One  arrangement  of  apparatus  was  found  sufficiejit  for  all  investi- 
gations and  is  essentially  that  used  by  Allen*  to  measuie  the  lumin-tsity 
of  the  spectrum.  The  general  arrangement  is  sliown  in  Fig.  1.  The 
light  from  an  acetvlene  llame  A  after  concentration  bv  len.ses  B  and 

CD  *  • 

B^,  passed  through  the  opening  C  from  a  light  proof  chamber  M:  then 
through  two  nicol  prisms   {K  and   F)    arranged   with   their  principal 


-j'::^ 


Or  ^ 


rn 


Sr" 


H 


Fia.i. 


sections  horizontal;  thence  through  the  spectrometer  G  and  was 
finally  viewed  in  a  Ililger  eye-piece  II  in  which  all  the  light  of  the 
spectrum  except  a  narrow  central  band  was  cut  off  by  means  of  adjust- 
able shutters.  The  observer  was  therefore  able  to  subject  liis  eye  to  a 
light  stimulus  of  any  desired  wave-length.  A  constant  g:is  pressure 
was  taken  to  indicate  a  constant  lumint)sity  in  the  source  of  light.  The 
intensity  of  the  spectrum  was  contrttUed  by  rotating  the  polariser. 
The  principal  plane  of  the  imalyser  remained  horizontal  for  all  investi- 
gations in  order  that  the  displacement  of  the  light  waves  a-«  they  met 
*Erank  Alien:  Phil.  Mag.  1911.  Vol.  21.  Xo.  12.i.  page  604. 
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the  prism  might  be  perpendicular  to  its  face.  In  this  way  it  was  thought 
to  avoid  a  variation  in  intensity  of  light  through  reflection  from  the 
surfaces  of  the  prisms. 

The  spectrometer  used  was  of  the  Hilger  Automatic  type  with  four 
prisms  equivalent  to  three  sixty  degree  prisms  and  giving  a  dispersion 
slightly  in  excess  of  twelve  degrees. 


Each  characteristic  of  the  visual  response  to  radiation  as  outlined 
in  the  commencement  of  this  paper,  was  treated  as  a  separate  investi- 
gation.    Observations  were  made  to  show: 

1.  Whether  sensibility  to  slight  difference  in  wave  length  has 
two  pronounced  maxima,  one  in  the  yellow  and  one  in  the  green,  and 
two  light  maxima  in  the  extreme  blue  and  red. 

2.  Whether  these  maxima  vary  with  the  intensity  of  the  radiation 
used. 

1.  In  the  investigation  concerning  spectra  of  varying  intensity, 
other  conditions  remaining  constant,  spectra  of  six  different  intensities 
were  examined.  Only  observations  made  with  my  own  eye  (the  right) 
which  seems  quite  normal  as  to  color  sensations,  are  considered  in  this 
paper.  Upon  the  spectrum  of  maximum  intensity  in  all  parts,  which 
for  present  purposes,  has  been  repreeented  by  unity,  and  upon  a  spect- 
rum of  intensity  -25,  observations  were  made  to  determine  the  minimum 
decrease  in  intensity  by  which  the  initial  intensity  was  changed  in  effect- 
ing a  change  in  sensation  that  was  just  perceptible.  In  the  case  of 
spectra  at  all  other  intensities  considered,  the  minimum  increase  in  the 
original  intensity  necessary  to  produce  a  just  perceptible  change  in 
the  sensation  was  determined. 


Method  of  procedure. 

The  principal  sections  of  the  nicols  were  horizontal  and  so  gave 
the  brightest  spectrum  obtainable  with  the  chosen  arrangement  of  ap- 
paratus. Observations  were  made  upon  thirty-two  portions  of  this 
spectrum;  these  are  given  in  Table  I. 

Light  of  wave  length  -42//  was  first  observed.  This  was  allowed 
to  act  upon  the  retina  for  four  seconds.  Then  the  polariser  was  rotated 
at  a  uniformly  rapid  rate;  an  effort  was  made  to  keep  the  rate  at  which 
the  polariser  was  rotated,  approximately  constant  for  all  observations. 
As  soon  as  a  change  in  the  sensation  of  light  was  perceived  the  rotation 
was  stopped.  The  angle  through  which  rotation  had  taken  place  was 
noted.  This  was  denoted  by  a;  since  unity  had  been  taken  to  repre- 
sent the  amount  of  light  passing  through  the  prisms  before  the  polariser 
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wati  lot  iitetl,  t  lie  JitYcrence  bet  ween  1  and  Cos'  a  i.e.,  Sin-  a  w^l  repre- 
sent the  amount  by  which  the  originai  intensity  of  the  light  was 
diminished  in  effectinf^  a  diange  of  sensation  that  was  just  perceptible. 
The  reciprocal  of  this  value  (sin-  a)  taken  to  represent  the  sensibility 
of  the  eve  has  l)een  plotted  as  a  function  cjf  the  coi responding  wave 
length.  This  is  shown  in  Curve  1,  Fig.  2.  The  other  chosen  portions 
of  the  spectrum  were  observed  in  lapid  succession  in  a  similar  way. 

A  dimmer  spectrum  was  next  considered.  This  was  obtaineil  by 
setting  the  polariser  before  each  observation  so  that  its  princij>al  plane 
nuide  an  angle  of  51°  with  the  horizontal,  i.e.  with  the  plane  of  the 
analysei.  This  initial  angle  was  denoted  by  /9.  Suice  Cos  -^  =  Cos- 
51°  is  ecjual  to  -395,  it  was  considered  that  each  portion  of  the  spectrum 
chosen  for  investigation  was  39-5*;'t  of  the  intensity  of  corresponding 
poitions  in  the  spectrum  at  maximum  intensity.  With  this  initial 
arrangement  light  as  observed  in  the  eye-{)iece  was,  as  befcjre.  allowed 
to  act  upon  the  letina  for  four  seconds.  Then  the  polariser  was  r(.)tated 
so  as  to  increase  the  intensity  of  the  light.  As  soon  as  the  intensity  had 
just  noticeably  increased  the  rotation  was  stopped.  The  angle  l)etween 
the  planes  of  the  nicols  was  read  and  denoted  l)y  a.  Since  Co.s-51° 
represents  the  intensity  of  the  stinmlus  at  the  begining  and  Cos-  a  the 
intensity  of  the  light  affecting  the  eye  at  the  moment  of  perceptible 
change,  Cos-a — Cos-51°  will  represent  the  amount  l)y  which  the  original 
intensity  (which  for  each  observation  is  ;3l)'5'~t  of  the  maximum 
intensity  of  the  spectrum  ul  the  chosen  point)  was  increased  in  affecting 
a  change  of  sensation  that  was  just  perceptible.  As  before,  the  reciprcH 
cal  of  this  value  was  taken  to  represent  the  sensibility  of  the  eye  and  has 
been  plotted  as  a  function  of  the  corresponding  wave  length.  The 
results  are  shown  graphically  in  Curve  II,  Fig.  2.  The  portions  of  the 
sj^ctrum  observed  and  the  obsem\tions  made  upon  each  are  given 
ffTTablell. 

Upon  the  spectrum  of  miensity  -25  observations  were  made  to 
cietermine  the  least  perceptible  </«rr<'(Ksc  in  the  initial  stimulus  necessary 
to  produce  a  noticeable  change  in  the  sensation  of  light.  This  was 
done  by  following  the  method  described  for  the  spectrum  at  maximum 
intensity.  The  results  are  given  in  Table  111  and  are  shown  grai>hically 
ill  C"ur\e  111.  Fig.  2.  The  spectrum  of  intensity  ♦25  was  obtaintxl  by 
setting  the  plane  of  the  polariser  at  an  angle  of  G0°  with  the  plane  of 
the  analyser. 

In  the  case  of  other  spectra  investigateti  observations  were  made 
for  the  least  percej^tible  increase  in  the  initial  stimulus,  following  the 
metluni  uscxl  upon  the  spectrum  second  in  order  of  brightm^ss.  :u<  de- 
scribed above.  These  spectra  were  of  relative  intensities  -OGO:  -025 
and    •tH).">-4  respectively. — the  spectrum  of  maximum  intensity  Ijcing 
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consiclert'd  as  CMjual  to  uiiiiy  in  all  parts.  Tlu'  initial  conJitioiLS  to  give 
spectra  of  .such  intensities  for  each  observation  were  the  inclination  of 
the  jirincipal  planes  of  the  nicols  to  each  other  at  angles  of  75^  45'; 
80°  45'  and  85^  45'  resi)ectively.  The  results  are  given  in  Tables  IV, 
V  and  \T  and  shown  LMuphically  in  Curves  1\',  V  and  \T,  fig.  2. 

Tables  of  data. 

In  Tables  I  to  \  1  X  indicates  the  wave  length  of  light  observed. 
The  column  headed  "Scale  Readings"  gives  the  observeil  reading  on 
the  attached  scale,  after  each  rotation.  With  eJlch  new  intensity  the 
zero  of  the  scale  was  observed  and  taken  into  account  to  find  the  angle 
between  the  principle  sections  of  the  nicols.  These  values  will  be  found 
in  the  column  headed  (a).  .Since  /9  denotes  the  initial  angle  between 
the  principal  sections,  in  the  column  under  Cos-0  will  l)efound  the  inten- 
sity of  the  spectrum  considered  in  each  case.  In  the  column>:  under 
Sin-a  Table  I  ami  under  Cos  -^ — Cos  "a  Table  III  will  l)e  found  the 
amount  Ijy  which  the  initial  intensity  was  di mini. shed  to  effect  the 
minimum  noticeable  change  of  sensation.  In  Tables  II  and  W  to  \T. 
under  Cos- a — Cos-/3  are  given  the  amounts  by  which  the  original 
intensity  (as  shown  under  Cos-/Q)  had  to  be  increased  to  effect  a  change 
of  sensation  just  percei)til)le.  I'nder  "Sensibility"  are  the  values  of 
the  reciprocals  of  the  amounts  of  minimum  percept il»le  change  in  in- 
tensity. In  order  that  the  various  curves  might  be  i)lotted  in  one  figure 
these  reciprocals,  which  are  the  ordinate^  for  the  different  curves, 
have  been  multiplied  by  arbitrary  constants  as  indicated  in  the  figure 
and  then  plotted  to  the  scale  shown. 

■J.     .1   Spectrum  of  F'twl  f.'iminotsity  in  all  parts. 

When  measuring  t!ie  lumiiio.-,n y  oi  lue  .spectrum  .Mien*  tooK  okmt- 
vations  upon  nineteen  portions  of  it,  detei mining  in  each  cju<e  the  angle 
which  the  i>rincipal  i»lane  of  t!ie  polari.^er  shouKl  make  with  the  horizon- 
tal, i.e.,  with  the  plane  of  the  analyser  in  onler  that  each  portion  as 
viewed  in  the  cye-pi»»ce  should  have  ecjual  luminosity.  Therefore  since 
the  apparatus  used  in  the  i)resent  investigation  was  also  used  by  Allen 
in  approximately  the  same  arrangement  with  the  .same  gas  jet,  gas 
pressure  and  slit  width,  it  was  considered  that,  by  observing  these 
same  j)ortions  and  setting  the  plane  of  the  polariser  at  th  '     u 

angle  for  each,  e(iuality  of  luminosity  in  the  parts  olise;\(.n  wouiu  oe 
ol)tained.     This  would   it    was  thou-j:ht   be  cpiivalent   to  observing  a 
spectrum  of  etpuil  lumino.^iity  in  all  parts.    The  next  problem  consid.-^- '^ 
then,  was   that    of   determiniu'.:   the   sensibility  of  the   eve  tr» 

*Ph  1.  Mag.,  li)ll.  Vol.  21.,  p  tkM.  ~ 
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differences  in  intensity  when  the  light  stimulus  was  of  equal  intensity 
at  each  point  of  observation.  For  this  purpose  observations  similar  in 
principle  to  those  already  described,  were  made  upon  this  "Equivalent 
of  a  Spectrum  of  Equal  Luminosity." 

Method  of  procedure. 

The  method  of  procedure  was  first  to  adjust  the  telescope  of  the 
spectrometer  for  light  as  near  the  ultra-violet  as  it  was  possible  to 
make  an  observation.  This  was  of  wave  length  •460/^,  The  plane 
of  the  polariser  was  adjusted  to  make  an  angle  of  35°  with  the  plane 
of  the  analyser.  This  gave  to  the  light  as  viewed  in  the  eye-piece  a 
luminosity  equal  to  the  luminosity  of  the  spectrum  where  the  light 
waves  were  '414/^ — the  principal  sections  of  the  nicols  then  being 
parallel.  This  latter  luminosity  was  taken  as  the  standard  of  bright- 
ness since  all  portions  observed  were  first  reduced  to  this  luminosity. 
After  the  manner  of  former  observations  the  light  as  viewed  in 
the  eye-piece  was  allowed  to  act  upon  the  retina,  the  polariser  rotated 
and  the  angle  after  rotation  noted.  This  angl«  was  denoted  by  a. 
If  /9  denote  the  initial  angle  (35°)  between  the  planes  of  the  nicols, 
then  since  a  was  taken  to  denote  the  angle  between  the  planes  after 
rotation,  (Cos^a  — Cos^^j  will  be  proportional  to  the  amount  of  light 
by  which  the  initial  intensity  was  increased  to  effect  a  noticeable 
change  in  the  sensation.  This  amount  of  light  (Cos-a  —  Cos-jS),  will 
he  a  fraction  of  the  total  intensity  at  the  point  considered.  But  since  the 
luminosity  of  each  part  was  reduced  to  that  of  the  standard,  it  is 
reasonable  to  expect  that,  at  those  points  where  the  spectrum  is 
brighter  and  therefore  more  intense,  a  smaller  portion  of  the  total 
intensity  will  be  required  to  produce  a  noticeable  change  in  the  sen- 
sation than  will  be  required  where  the  total  brightness  is  much  less. 
That  is:  the  brighter  the  spectrum  at  the  point  of  observation  the 
smaller  the  fraction  of  total  intensity  necessary  to  effect  a  noticeable 
change  in  the  sensation.  Hence  we  may  say  that  the  luminosity  of 
each  part  of  the  spectrum  is  invei'sely  proportional  to  the  portion  of 
total  intensity  required  to  effect  a  noticeable  change  in  the  sensation — 
the  sensation  in  each  case  being  the  result  of  a  light  stimulus  varying 
only  in  wave  length.  Therefore,  plotting  the  reciprocals  of  the  various 
values  of  (Cos-a  — Cos^/3)  as  functions  of  the  corresponding  wave 
lengths  a  luminosity  curve  for  the  spectrum  should  be  obtained.  This 
is  showm  in  Fig.  3. 

In  the  above  case  the  reciprocals  of  the  various  portions  of  total 
light  added  cannot  represent  sensibility  because  in  one  instance  we  may 
take  the  reciprocal  of  a  large  quantity  of  light  at  low  intensity  and 
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in  iinotluM- ilu' locipnxal  (»f  a  small  quantity  at  high  intensity.  And 
while  the  roiiproials  tiifTcr  vastly  in  value  the  actual  illuminating 
power  of  tile  twt)  (]uantities  may  be  indent ical.  In  the  one  the  incre- 
ment of  light  was  adiled  at  low  intensity  and  therefore  more  of  it  was 
requiviHl:  in  the  other  it  was  added  at  high  intensity  and  !•    -     '  '"  was 
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required.  Hence  before  calculating  reciprocals  for  the  purpose  of 
showing  sensibility,  the  various  increments  of  light  were  first  reduced 
to  a  common  standard  of  intensity.  This  was  the  intensity  of  the 
standard  of  brightness,  viz.,  the  intensity  of  light  of  wave  length 
•414//  as  observed  in  the  eye-piece  while  the  principal  sections  of  the 
nicols  were  parallel. 

Method  of  Reducing  to  a  Common  Standard  of  Intensity. 

We  may  assume  that  the  luminosity  of  any  portion  of  the  spec- 
trum is  proportional  to  its  intensity.  But  the  luminosity  is  inversely 
proportional  to  the  fraction  of  total  intensity,  at  the  point  considered, 
that  will  give  a  luminosity  equal  to  the  luminosity  of  the  standard  of 
brightness.  But  this  fraction  of  total  intensity  is  proportional  to  the 
square  of  the  cosine  of  the  angle  between  the  principal  sections  of  the 
nicols — the  light  going  through  giving  a  luminosity  equal  to  the  lumin- 
osity of  our  standard  of  brightness.  That  is:  the  luminosity  of  any 
portion  of  the  spectrum  is  inversely  proportional  to  the  square  of  the 
cosine  of  the  angle  between  the  principal  sections  of  the  nicols  when 
the  light  going  through  from  that  portion  gives  a  luminosity  equal  to 
that  of  the  standard.  Therefore,  taking  the  luminosity  of  the  standard 
as  unity,  the  luminosity  of  the  spectrum  at  any  point  considered  in 
terms  of  this  standard  is  given  by  l/cos-/3  where  /?  is  the  angle  between 
the  principal  sections  of  the  nicols  when  just  sufficient  of  the  light 
considered  is  going  through  to  give  a  luminosity  equal  to  the  lumin- 
osity to  the  standard.  And  since  intensity  is  assumed  propor- 
tional to  luminosity,  the  intensity  of  light  at  any  point  in  the 
spectrum  in  terms  of  the  intensity  of  the  standard  is  given  by  l/Cos-/3. 

Again,  a  denotes  the  angle  between  the  principal  sections  of  the 
nicols  after  the  rotation  already  explamed.  Therefore,  the  fraction 
of  total  intensity  by  which  the  initial  intensit}^  i.e.,  that  represented 
by  Cos-/9,  was  increased  to  give  the  least  perceptible  change  in  the 
sensation,  may  be  represented  by  (Cos-a  — Cos-/5).  The  intensity 
of  any  given  portion  of  light  depends  upon  its  position  in  the  spec- 
trum. Therefore,  the  fraction  of  total  intensity  will  have  an  intensity 
depending  upon  the  position  of  the  point  in  the  spectrum  at  which  it 
was  added,  i.e.  depending  upon  the  value  of  the  angle  /?.  But  it  has 
been  shown  that  the  intensity  of  light  from  any  portion  of  the  spec- 
trum may  be  expressed  in  terms  of  the  standard  of  brightness  by 
multiplying  by  1/Cos.-^.  Henceit  was  thought  that  by  multiplying 
(Cos'a  — Cos-/9)  by  l/Cos-/3  the  various  increments  of  light  added  to 
produce  a  perceptible  change  in  the  sensation  in  each  case  would  be 
of  equal  intensity  i.e.,  they  would  have  an  intensity  equal  to  the  in- 
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tensity  of  the  light  in  the  standard.     The  retiprocals  of  this  product 
it    was  thouglit    would   represent  sensibility.     Tlie    poi-tionjs    of    the 
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thus  showing  sensibility  to   slight   differences  in  intensity   using  the 
equivalent  of  a  spectrum  of  uniform  luminosity. 

Table  of  data. 

In  Table  XV,  X  indicates  the  portion  of  the  spectrum  upon 
which  observations  was  made.  "/3"  denotes  the  inclination  of  the 
plane  of  the  polariser  to  the  plane  of  the  analyser.  In  the  column 
under  "  a"  will  be  found  the  inclination  of  the  plane  of  the  polariser 
to  the  plane  of  the  analyser  after  rotation  lias  taken  place.  Cos"/3  will 
represent  the  amount  of  light  going  through  the  nicols  before  the 
rotation  of  the  polariser,  and  Cos'a  the  amount  of  light  going  through 
when  this  rotation  was  completed.  In  the  column  under  ''Least 
Perceptible  Increments"  will  be  found  the  value  of  (Cos-a  — Cos^/3) 
which  will  represent  the  fraction  of  total  intensity  which  had  to  be  added 
to  the  initial  intensity  (Cos-/?)  to  effect  a  change  of  sensation  that  was 
just  perceptible.  The  reciprocals  of  those  values  plotted  as  a  function 
of  the  corresponding  wave  length  gave  the  luminosity  curve  found  in 
Fig.  3.  As  explained  above  those  increments  were  reduced  to  light 
of  uniform  intensity  by  dividing  by  Cos-/?  in  each  case.  The  recipro- 
cals of  these  latter  results  were  taken  to  represent  sensibility  and  will 
be  found  under  "Sensibility."  Under  Di/(I  +  Di)  will  be  found  the 
value  of  the  least  perceptible  increment  divided  by  the  total  intensity 
(after  rotation)  which  was  used  to  get  curve  2,  Fig.  4  to  demonstrate 
Konig's  Law. 

11. 

Sensibility  to  Radiation  of  Varying  Intensity. 

As  a  demonstration  of  the  steady  falling  off  of  sensibility  with 
increasing  intensity  and  to  show  that  it  is  approximately  inversely 
proportional  to  the  intensity  over  a  wide  range,  observations  were 
made  as  follows: 

The  same  apparatus  as  used  in  the  preceding  was  used  in  this; 
and  the  same  arrangement.  First,  the  telescope  of  the  spectro- 
meter was  adjusted  for  light  of  a  given  wave  length,  for  example  -420  fi 
(see  Table  VII),  and  rigidly  fixed.  The  nicols  were  then  crossed  so  as 
to  exclude  all  light  from  the  eye-piece.  The  angle  indicated  on  the 
attached  scale  was  read  and  this  reading  was  taken  to  indicate  an 
inclination  of  90°  between  the  principal  sections  of  the  nicols.  The 
polariser  was  then  rotated  and  at  the  first  sensation  of  light  ex- 
perienced through  the  eye-piece,  rotation  was  stopped.  The  angle 
indicated  on  the  attached  scale  was  again   read.     Let  a.i  denote  this 
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angle  \vlii(h  is  necessarily  less  than  90°.  Now  Cos-90  =  0  and  Cos-o, 
which  is  slifjhtly  fjreater  than  0  will,  as  explained  in  the  fore  part  of 
this  paper,  represent  the  amount  of  stimulus  necessary  to  produce  a 
sensation  of  light.  This  amount  of  lijiht  (Cos- a,),  as  an  initial  stimulus 
was  allowed  to  fail  upon  the  retina  and  the  pcWariser  further  rotated. 
As  soon  as  the  sensation  of  light  as  experienced  from  the  initial  stimu- 
lus was  perceived  to  change  rotation  was  again  stopped,  and  the  angle 
indicated  on  the  scale  read.  If  a._,  denote  this  angle,  Cos-a^  will  repre- 
sent the  amount  of  light  going  through  the  nicols  when  rotation  was 
stopped.  Hut  Cos-Oj,  represents  the  amount  of  light  going  through 
the  nicols  before  the  last  rotation  began.  Therefore  (Cos'ttj— Co.s-o,) 
will  represent  the  amount  of  light  by  which  the  initial  stimulus 
(Cos-a,)  was  increased  to  produce  a  change  in  the  sensation  that  was 
just  perceptible.  Observing  again  the  amount  of  light  now  in  the 
eye-piece  (Co.s-a,)  and  further  rotating  the  polariser  until  as  before 
another  change  of  sensation  was  experienced  we  obtained  the  angle 
Oj.     Since  in  this  case  Cos-  a^  represents  the   initial  stimulu.s   (Cos-a, 

—  Cos'ttj)  will  represent  the  increment  of  light  necessary  to  produce 
a  change  of  sensation  that  was  just  perceptible.  In  this  way  the  light 
going  through  the  nicols  at  the  end  of  each  observation  was  the 
light  upon  whicli  each  subsequent  observation  wa^s  made  until  full 
brightness  was  reached.  That  is:  the  intensity  of  light  uschI  for  any 
observation  is  represented  by  Cos-a^  and  the  increment  added  by 
(Cos-ttj,  ^  J  —  Cos- a^)  where  n  represents  the  numl)er  of  obser- 
vations made  from  the  crossing  of  the  prisms.  In  this  way  several 
portions  of  the  spectrum  were  examined.  The  radiation  oi:)served  in 
each  portion  varied  only  in  intensity  and  hence  the  sensiijility  to  radi- 
ation of  varying  intensity  was  olitained.     The  reciprocal  of  (Cos-a^^  ^  j 

—  Cos-Ojj),  taken  to  represent  sensibility,  w;us  plotted  as  a  func- 
tion of  the  corresponding  initial  intensity,  Cos*  o^.  The  re- 
sults are  shown  in  Fig.  5.  The  radiation  used  in  obtaining  the 
different  curves  is  indicated  in  the  figure.  The  portions  of  the 
spectrum  observed  with  the  data  obtaineil  and  the  calculations 
made  from  them  are  given  in  tables  \T1.  \11I,  X,  Xll.  Xlll 
and  XIV. 

Starting  with  the  spectrum  at  maximum  l)right ness  and  oiiserv- 
ing  the  least  perceptible  decrease  in  intensity  at  each  step  till  com- 
plete darkness  was  reached,  data  were  obtained  from  which  the  curves 
indicateil  in  Fig.  5  as  "curves  of  decrements,"  have  been  plotted. 
These  data  are  to  be  found  in  Tables  IX  and  XI.  These  curves 
seem  to  indicate  that  the  increase  in  sensibility  with  decreasing 
intensity  follows  the  law  for  decreasing  sensibility  with  increasing 
intensity. 

Sec.  III.  1913—15 
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Figure  5 


Tables  of  Data. 

In  Tables  VII  to  XIV  "a"  indicates  the  angle  between  the  planes 
of  the  nicols  for  each  observation;  "Cos-a"  the  intensity  of  the  light 
upon  which  the  observation  was  made.  In  Tables  IX  and  XI  "Least 
perceptible  decrement"  is  the  amount  by  which  the  intensity  of  the 
light  "Cos^a"  was  diminished  in  effecting  a  change   in    the  sensation 
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thai  \va.s  ju.st  pLMit-ptiljle.  In  the  other  tables  of  thw  part  "Leai^t 
perceptihU'  increment"  is  tlie  amount  by  which  the  inteiLsity  of  the 
liglit  was  increiised  in  effeiting  a  ehango  of  sensation  that  was  just 
pereej)tiljle.  "Sensibility"  is  the  value  of  the  reciprocal  of  the  least 
perceptil)le  increment,  or  decrement,  as  the  case  may  \ie. 


lil. 

Sensibility  to  small  dijfercnces  in  Inlcnsity. 

1.  W  ithout  further  observation  it  may  ho  shown  from  the  data 
in  Tallies  \  11  to  XI\'  thai  the  least  perceptil»le  increment  or  decre- 
ment measured  as  a  fraction  of  the  whole  is  approximately  independent 
of  intensity. 

It  has  already  Ix'en  shown  (II)  that,  with  any  constant  wave 
leufith,  the  intensity  of  the  li<;ht  u.«<ed  for  any  observation  say,  the 
nth.  may  l)e  repre.sented  by  Cos-Oq  and  the  least  perceptible  incre- 
ment by  (Cos- a^  +  j  —  ( "< '>'%) .     Let 

— — -;  k  or  Cos-a„  ^  1  -  Co.s-a„  =  k  (  r»a„  ^  ^ 

There  appears  to  be  a  difference  of  opinion  as  to  whether  the  de- 
nominator here  should  lie  (^)s-a^  or  Cos-a^  ^  j .  Substitutini:  the 
proper  values  for  a^,  curves  have  l)een  plotted  as  shown  in  Fij;.  G. 
It  was  impossible  in  .some  cases  to  mark  all  points  on  the  curve  be- 
cause of  their  coming  so  dose  when  the  intensity  was  low  and  so  repre- 
sentative points  are  shown. 

2.  Again,  fmni  tlie  data  given  in  TahK'  X\  it  may  bo  shown 
whether  "the  least  perceptible  increment  measured  as  a  fraction  of 
the  wlioU'  is  approxinuitely  independent  of  the  wave  length  (KOnig's 
Law)  at  constant  luminosity."  For  since  the  data  given  in  this  table 
were  obtained  by  making  ob.servat ions  upt»n  different  portions  of  what 
was  thought  to  be  the  ('(juivalent  «»f  a  spectrum  of  uniform  luminosity, 
we  may  infer  that  while  the  wave  length  varied  with  each  observation, 
the  intensity  oi  the  light  as  observed  in  the  eye— piece  of  the  spectro- 
meter remained  constant  for  all  ob.><ervations.  Take  for  example,  the 
data  furnisheil  by  the  third  observation  in  the  table  referred  to  above. 
It  is  shown  tluMe  that  tiie  anunmt  of  light  going  through  the  nicols 
at  the  beginning  of  \\w  observation  is  represented  by  -IITH.  while 
the  aniount  oi  light  going  through  at  the  end  of  the  observation  is 
repiesented  by  -1840  showing  that  -OliTO  of  the  total  intensity  of  the 
spectrum  where  the  wave  length  equaled  '491/^.  had  ti    *       ■  Ided  to 
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•1170  of  total  intensity  to  produce  a  change  in  the  sensation  that  was 
just  perceptible.  This  portion  of  light  reduced  to  the  intensity  of  the 
standard  of  brightness  at  the  polariser  was  found  to  be  represented 


Intensit-y 


by  "58  as  shown  in  the  table,  which  gives  us  the  least  perceptible  in- 
crement with  an  intensity  at  the  polariser  equal  to  the  intensity  of 
the  standard.     Now,  as  already  stated,  the  intensity  of  the  light  under 
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obseivutiuii  is  represented  by  'IITO  of  the  total  inteiij«ity  of  the  i»pec- 
truin  in  portion  observetl.  Hut  tlji.s  fraction  of  total  inteiusity  jjiven 
a  luminosity  in  the  eye-piece  e<iujil  to  tlie  stundarii  of  brightnens 
wliich  ia  tiiis  paper  is  represented  by  unity,  and  all  portions  of  the 
spectrum,  as  observed,  were  of  tH4ual  brif:htnesH.  Therefore,  we  may 
represent  the  huninosity  of  each  of  those  portions  by  unity,  and  hence 
also  their  intensities  as  observed  in  the  eye-piece  by  unity.  Now 
Kfinig's  Law  stated  matliematically  is  of  the  fornj  Ui  (1  -t-Di)  =k  where 
Di  represents  tiie  least  perceptible  increntent  and  I  a  constant  in- 
tensity in  tiie  source  of  lijiht  as  first  observed.  Hence  making  the 
proper  substitutions  in  the  above  formula  from  data  in  Table  XV  and 
plottinjr,  ('ur\('  "J.  Fii:.  4  was  obtained. 


Dificussioti  of  RfiiuUs. 

In  «icneral,  we  may  condudethat  the  experiments  dc»scribed  in 
part  I  of  this  paper  stronjily  support  the  view  that,  except  in  the  case 
of  spectra  from  light  at  very  low  intensity,  the  general  character  of 
the  sensil)ilitv  curve  does  not  varv  with  varving  intensitv  of  the  .source. 
If,  however,  the  spectrum  is  one  of  very  low  intensity  the  two  pro- 
nounct'il  iiuixima.  one  in  the  yellow  and  one  in  the  green  tend  to 
iliminish  while  the  two  slight  maxima  in  the  blue  and  red  apparently 
maintain  their  prominence.  When  the  spectrum  is  of  uniform  intensity 
in  all  parts  these  maxima  appear  either  to  ilisappear  entirely,  leaving 
a  uniform  curve  parallel  to  the  horizontal  axis,  or  to  become  scarcely 
more  than  noticeable.  Referring  to  Taltlc  X\'  it  will  be  noticed  that 
in  the  regions  of  fi=-5M  and  /i--G48  slight  maxima  still  |)ersLsi. 
I  do  not  know  whether  these  imlications  have  a  real  physical  signifi- 
cance ov  arc  due  to  inaccurate  olnservations.  I  am  inclin<\l  to  adopt 
the  latter  rea.son  for  their  appearance.  This  could  oidy  1h»  settled 
al^solutely  by  the  work  of  seveial  observcis  upon  uniform  s|H»ctra  at 
tlitTcrcnt  intensities.  If.  indeed,  tlu'se  maxima  really  exist  in  how- 
ever slight  a  degree,  we  are  forced  to  conchule  that  KOnig's  Law  jvs 
interpreted  in  this  paper  is  not  <ihst>luUly  correct,  for  these  maxima 
still  persist  as  is  shown  uiuli-r  Di  (I-t-I)i),  Table  X\'.  Conclusions 
reached  reganling  the  steaily  fall  in  sensibility  with  increasing  inten- 
sity, aiitj  the  application  of  Kechner's  Law,  are  quite  in  accord  with 
accepted  results. 

1   desire   to   acknowledge  my   indebtedness  to  the  kindness  and 
valuable  advice  of  Professor  Frank  .Vllen.  director  of  the  P 
of  Physics.  University  of  Manitoba,  at   who.so  sugsiestion  tiic  m. '-.i- 
gations  described   in  this  papi"    "•••••  "."■!■•■ 'r'.ken:  also  '->   H-     R     K. 
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McClung  of  the  same  department  for  valuable  discussions  and  kind 
interest  shown.  The  method  employed  is  also  due  to  Professor 
Allen. 


Department  of  Physics, 

University  of  Manitoba, 
Winnipeg,  Manitoba. 


Note. — A  most  comprehensive  study  conducted  by  Dr.  H.  E.  Ives  and  several 
assistants,  has  lately  appeared  in  a  series  of  five  papers  (Phil.  Mag.,  Vol.  24,  1912, 
pp.  149-188;  352-370;  744-751;  845-863)  under  the  general  title  "Studies  in  the 
Photometry  of  Lights  of  Different  Colors."  Because  of  the  fact  that  the  writing  of 
the  present  paper  was  completed  before  the  publication  of  Dr.  Ives  papers  no 
reference  has  been  made  to  them.  I  should  like  to  point  out  however,  that,  though 
in  obtaining  the  Luminosity  Curve  for  the  Spectrum,  I  was  dependent  upon  other 
means  to  get  a  spectrum  of  uniform  luminosity,  the  human  eye  when  undisturbed 
by  the  presence  of  a  second  color  is  capable  of  distinguishing  changes  in  luminosity 
to  a  very  fine  and  uniform  degree  of  sensitiveness  as  is  shown  by  the  smoothness  of 
his  luminosity  curve. 

TABLE  I. 


■k 

Scale 
Reading 

a 

Sin-a 

Cos^/? 

Sensibility 

•42/z 

34° 

24° 

•1648 

1^ 

604 

43 

33 

23 

•1521 

6 

•55 

44 

33    30 

23    30 

•1584 

6 

•31 

45 

35 

25 

•1780 

5 

•64 

46 

33    30 

23    30 

•1584 

6 

•31 

47 

31      30 

21      30 

•1339 

7 

•44 

48 

30 

20 

•1169 

8 

•55 

49 

29    30 

19      30 

•1108 

9 

•17 

50 

29 

19 

•1056 

9 

•46 

51 

28    30 

18      30 

•1004 

9 

•94 

52 

29 

19 

•1056 

9 

•46 

53 

29    30 

19      30 

•1108 

9 

•17 

54 

30 

20 

•1169 

8 

•55 

55 

30      30 

20      30 

•1225 

8 

•16 

56 

31 

21 

•1281 

7 

•8 

57 

32 

22 

•1398 

7 

•25   . 

58 

30 

20 

•1169 

8 

•55 

59 

29 

19 

•1056 

9 

•46 

60 

28 

18 

•0954 

10 

•48 

61 

27    30 

17      30 

•0900 

11 

•11 

62 

27 

17 

•0852 

11 

•73 

63 

26 

16 

•0756 

13 

33 

64 

27 

17 

•0852 

11 

73 

65 

28 

18 

•0954 

10 

48 

66 

30 

20 

•1169 

8 

55 

67 

29 

19 

•1056 

9 

46 

68 

30      30 

20    30 

•1225 

8 

16 

69 

31 

21 

•1281 

7 

80 

70 

31      30 

21      30 

•1339 

7 

44 

71 

32 

22 

•1398 

7 

25 

72 

34 

24 

•1648 

6 

04 

•73 

38 

28 

•2199              ! 

454 
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TABLE  II. 


>. 

Scale 
Reading 

47:  ..' 

(/ 

Co8»a 

Co8»/3 

Co6»a- 
COB'^ 

Sen^bility 

•43/i 

3S» 

•0/ 

•611 

■395 

216 

•1-6 

•14 

50 

41 

•56.S 

•173 

5- 

7 

•45 

50 

41 

•568 

•173 

5- 

7 

•46 

49 

40 

■  5>>6 

•191 

5 

2 

•47 

48  " 

39 

1 

594 

•199 

5 

•4s 

49  " 

40 

30 

•577 

•ls2 

5- 

4 

•49 

50  '0 

41 

SO 

•559 

• 

■164 

6 

•  50 

51  >" 

42 

SO 

•543 

•148 

6 

7 

•51 

53  '» 

44 

1^ 

■512 

117 

8 

5 

•52 

54  " 

45 

J 

•490 

•095 

10 

5 

•53 

56  '0 

47 

lu 

•461 

■06«> 

15 

1 

•54 

56  » 

47 

30 

•455 

•«J60 

16 

6 

•55 

55 

46 

•481 

•086 

11 

6 

56 

47 

•465 

•070 

14 

2 

•56 

57 

48 

•447 

•052 

19 

2 

•57 

57  '^ 

48 

IS 

•442 

•047 

21 

2 

•58 

57  '•" 

48 

30 

•438 

•043 

23 

•> 

•59 

57  " 

48 

SO 

•432 

•037 

27 

•60 

57  " 

48 

ss 

•431 

•036 

27 

7 

•61 

58  '" 

49 

10 

•426 

•031 

32 

2 

•62 

58  •" 

49 

20 

•423 

•028 

35 

4 

•63 

57  '" 

48 

SO 

•438 

•033 

30 

3 

•64 

57 

48 

•447 

•052 

19 

2 

•65 

56 

47 

•465 

•070 

14 

2 

•66 

56 

47 

465 

•070 

14 

0 

•67 

56 

47 

•465 

•070 

14 

•  2 

•68 

54 

45 

•499 

•104 

9 

6 

•69 

52 

43 

•534 

•139 

71 

TABLE  III. 


?. 

Scale 
Reading 

a 

Cos^a 

•42" 

70=  ' 

70'  ' 

1169 

•43 

69 

(lit 

12  M 

•44 

69  ^' 

69  ^» 

1225 

•45 

70 

70 

1169 

•46 

70 

71 1 

11  OS 

•47 

70  ' 

70  ' 

1149 

•48 

68  " 

68  '» 

1369 

•49 

67  ^" 

67  " 

1459 

•50 

66 

6r> 

1648 

•51 

65 

65 

1780 

•52 

65 

65 

1780 

•53 

06  ^'^' 

66  ''   1 

1584 

•54 

67  '' 

67  '»   ! 

1489 

•55 

67 

67 

1521 

•56 

66 

66 

1(>4S 

■Ol 

65 

65 

•17S0 

Cos»^ 


Cojr'a  — 
Cos»5 


•25 


1331 

7  ■ 

■  1219 

8^ 

1275 

tf  • 

•1331 

<  • 

•  1392 

i    • 

•  1351 

7  • 

■1131 

s- 

■1041 

9 

■0852 

ir 

•0720 

13^ 

•0720 

13 

•0916 

10  • 

•1011 

9 

•0979 

10 

•0852 

11 

•0720 

13 

Sensibility 


2 

8 

5 

1 

4 

8 

6 

76 

8 

S 

9 

89 

21 

73 

8S 
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TABLE  III.— Continued. 


1 

Scale 
Reading 

a                  ( 

3os^a 

Cos2/3 

Cos^a- 

Cos2/3 

Sensibility 

•58 

64 

64 

1918 

•0582 

17^18 

59 

63  30 

63  30 

1989 

0511 

19 

56 

60 

63 

63 

2052 

0448 

22 

32 

61 

62  « 

62  « 

2088 

0412 

24 

27 

62 

62  15 

62  '5 

2162 

0338 

29 

58 

63 

62  5 

62  5 

2190 

0310 

32 

25 

64 

61  50 

61  50 

2227 

0273 

36 

63 

65 

62  50 

62  50 

2079 

0421 

23 

75 

66 

64 

64 

1918 

0582 

17 

18 

67 

64  35 

64  35 

1840 

0660 

15 

15 

68 

64 

64 

1918 

0582 

17 

18 

69 

65 

65 

1780 

0720 

13 

88 

70 

67 

67 

1521 

0979 

10 

21 

71 

69 

69 

1281 

1219 

8 

2 

•72 

71 

71 

1056 

•1444 

6-9 

TABLE  IV. 


;i 

Scale 
Reading 

a                C 

os2a 

Cos2/3 

Cos2a- 
Cos2/3 

Sensibility 

•45 

81°  ' 

yjO  45/ 

097 

•060 

•037 

27 

46 

82 

72  ^5 

087 

027 

37 

47 

81    50 

72   35 

089 

029 

34 

4 

48 

81  15 

72 

095 

035 

28 

5 

49 

81  *5 

72  30 

090 

030 

33 

3 

50 

82 

72  « 

087 

027 

37 

51 

82  1" 

72   55 

086 

026 

38 

52 

82  15 

73 

085 

025 

40 

53 

82  20 

73   5 

084 

024 

41 

6 

54 

82   25 

73  1° 

083 

023 

43 

4 

55 

82  30 

73  15 

082 

022 

44 

9 

56 

82   35 

73  20 

081 

021 

47 

6 

57 

82  « 

73  30 

080 

020 

50 

58 

82  50 

73   35 

079 

019 

52 

6 

59 

82  '° 

73   25 

081 

021 

47 

6 

60 

82  30 

73  15 

083 

023 

43 

4 

61 

82  '° 

73   25 

081 

021 

47 

6 

62 

82  50 

73   35 

079 

019 

52 

6 

63 

83 

73  ^5 

077 

017 

58 

8 

64 

83  20 

74  5 

075 

015 

66 

6 

65 

83 

73  « 

077 

017 

58 

8 

66 

82  « 

73  30 

080 

020 

50 

67 

82  50 

73   35 

079 

019 

52 

6 

68 

83 

73 

077 

017 

58 

8 

69 

82 

72  « 

087 

027 

37 

•70 

81    30 

72  15 

092 

•032 

12 
3 
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TAHLE  V. 


A 

Scale 
Reading 

a 

Co8*n 

Co8»3 

Coe»a- 

Sensibility 

•45/i 

80°  ' 

70°  ^' 

■052      -025 

•027 

37- 

46 

80  *■ 

77  ^^ 

•04«» 

021 

47 

47 

87 

77  " 

■044 

019 

52 

48 

86  --^ 

77  '* 

•048 

023 

43 

49 

87 

77  *» 

■044 

019 

52 

50 

87  '» 

78 

•  043 

018 

55 

51 

87  '' 

78  '" 

•042 

017 

58 

52 

87  '" 

78  '» 

•041 

016 

62 

53 

87  *" 

78  -•* 

•040 

015 

66 

54 

87  " 

78  *" 

•038 

013 

76 

55 

88 

78  " 

•038 

012 

83 

50 

88  '" 

78  " 

•030 

Oil 

90 

57 

88   * 

78  "^ 

■037 

Oil 

90 

58 

88 

78  " 

•  038 

012 

83 

59 

87 

78  <" 

•038 

-013 

76 

00 

88  ' 

78  *" 

•037 

Oil 

91 

01 

88  '' 

79 

•03t) 

-010 

100 

02 

88  '' 

79  '" 

•  035 

009 

111 

03 

88  '" 

79  " 

•034 

•008 

125 

04 

88  '" 

78  " 

•130 

Oil 

91 

65 

87  »" 

78  " 

•03S 

-012 

83 

00 

87  ■"' 

78  '^ 

•041 

■016 

62 

07 

87  " 

77  »» 

•044 

-019 

52 

08 

87  '' 

78  '« 

•042 

-017 

58 

69 

88 

78  " 

•038 

-013 

76 

70 

87  - 

78  " 

•041 

-016 

62 

•71 

S3 

73  " 

•077 

•052 

19 

TABLE  VI. 


A 

Scale 
Rcatling 

a 

Cos^a 

Cos'/J  Cos'a-Cos'ii 

Sensibility 

•45 

o    / 

93 

o 

83 

•0110 

■  0054 

•0002 

10  1 

40 

93  " 

84 

30 

•0090 

0030 

27-7 

47 

93  '" 

84 

IS 

•0100 

0040 

21-7 

48 

93 

83 

43 

•0110 

0002 

101 

49 

93  '* 

84 

•0108 

0054 

18.5 

50 

93  »» 

84 

S 

.OlOt> 

0052 

19-2 

51 

93  ^" 

84 

IS 

•0100 

(M»40 

21  7 

52 

93  " 

84 

3U 

•  (>()<  to 

(MM  2 

23-8 

53 

93  *" 

84 

24 

•(M)94 

0040 

25. 

54 

93  '- 

84 

30 

•  0090 

0036 

27-7 

55 

93  *" 

M 

M 

•OOSS 

(H»34 

29  4 

50 

93  " 

M 

411 

•(KIM 

(M130 

33  3 

57 

93  »" 

84 

35 

•(MtSS 

(KI34 

29  4 

58 

93  " 

84 

30 

•0090 

0036 

27  7 

59 

93  *" 

84 

3.1 

•  0088 

0034 

29  4 

00 

93  *•'' 

SI 

4<> 

•(M)S4 

0030 

33  3 

01 

94 

M 

ts 

•OOSJ 

(HI2S 

35  7 

02 

94   » 

84 

Jo 

•OOsl 

(H»27 

37  0 

03 

94  '" 

S4 

SS 

•(Mi77 

(KI23 

43  4 

64 

94 

SI 

43 

•OOSJ 

0028 

35-7 

•65 

93  «' 

S4 

■JA 

•(H»94 

(KMO 

25- 

•60 

93  '^ 

84 

13 

•01(H) 

(KM  5 

21-7 

•67 

93  " 

84 

•01(^ 

(X)'>4 

18-5 

•OS 

93  *'■ 

84 

30 

•00<)0 

(H»30 

277 

•09 

92 

82 

4S 

•015S 

0104 

9  6 

•70 

S9 

79 

*s 

•0313 

■0259 

38 
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TABLE  VII. 

Least  perceptible  increment  as  observed  upon  light  of  varying  intensity  and  of 

wave  length=-42/i. 


Scale 
Reading 

a 

Cos^a 

Least  percep'ble 
Increment 

Sensibility 

o    / 

O          / 

99 

90 

•0210 

47 

90      30 

81      30 

•0210 

0121 

82 

88   30 

79    30 

•0331 

0249 

40 

85 

76 

•0580 

0374 

26 

81 

72 

•0954 

0567 

17 

76 

67 

•1521 

1131 

8 

68 

59 

•2652 

1823 

5 

57 

48 

•4475 

2716 

3 

41 

32 

•7191 

2809 

3 

9 

0 

1^0000 

TABLE  VIII. 

Least  perceptible  increment  as  observed  upon  light  of  varying  intensity  and  of 

wave  length=45;U. 


Scale 
Reading 

a 

Cos=a     ^T^l 
inc 

percep'ble 
rement 

Sensibility 

o    / 

o       / 

99 

90 

0 

0004 

2500 

97    ^* 

88    « 

0004 

0008 

1250 

97 

88 

0012 

0013 

769 

96    » 

87    5 

0025 

0029 

344 

94    « 

85    « 

0054 

0055 

181 

93 

84 

0109 

0122 

81-9 

90    15 

81    15 

0231 

0166 

602 

87   30 

78    30 

0397 

0188 

53^1 

85 

76 

0585 

0260 

38^4 

82    » 

73    5 

0845 

0324 

30-8 

79 

70 

1169 

0369 

27- 

75    55 

66      55 

1538 

0364 

27. 

73    5 

64    5 

1902 

0448 

223 

70 

61 

2350 

0457 

21-8 

67 

58 

2807 

0983 

10-1 

61 

52 

3790 

1559 

6-4 

52    " 

43 

5349 

2150 

4-6 

39 

30 

7499 

2391 

41 

15 

6 

9890 
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TABLE  IX. 

Least  perceptible  decrement  as  observed  upon  light  of  varN-ing  intensity  and  of 

wave  length  ^  •  45/^ 


Scale 
Keiiding 

a 

( 

:)or'o 

Least  [MTcep'ble 
Decrement 

Sensibility 

o            / 

0 

o 

0 

1 
/ 

1 

•1530 

2:i 

23 

8470 

•26(J3 

3-8 

40 

40 

5867 

•  1992 

5 

51         ^» 

51 

30 

3875 

•1502 

6 

4 

'     61         '» 

01 

16 

2313 

•1144 

8 

5 

70 

70 

1169 

•0003 

15 

1  1 

77 

0506 

•0313 

31 

82 

82 

oi9:i 

•0117 

85 

85 

85 

0070 

•0(H3 

232 

86        *" 

80 

40 

OO.'i.i 

■(Ktll 

909 

87 

87 

IS 

0022 

•  IKKJ7 

1428 

87         " 

87 

a          1 

0015 

•0005 

2000 

88         '" 

88 

10              1 

0010 

•tHXJ5 

2000 

88        *" 

8S 

40 

000.") 

•  tKKJ3 

3333 

89         '0 

89 

10 

(t(l(i2 

•0002 

5000 

90 

90 

(1 

TABLE  X. 
Least  perceptible  increment  as  observed  upon  lip;ht  of  vant-ing  intensity  and  of 


wave  length — .52  f^. 

Scale  Reading 

a                             ( 

:os^«           ^fnc 

percep'ble 

rcment 

Sensibility 

o         / 

90 

0 

90 

1 

"           1 

(HKll 

ItKXK). 

89        "> 

89 

30 

0001 

0(K)3 

3333- 

89 

89 

0004 

0004 

2500 

88        »" 

88 

30 

ooos 

0004 

2500 

88 

88 

0012 

OOOS 

1250 

87        '" 

87 

30 

0020 

0(H)S 

1250 

87 

87 

002s 

(H)10 

lOtK) 

86        »» 

86 

30 

003S 

(KHO 

1000 

86 

86 

00  IS 

0013 

769 

85        »" 

85 

30 

0001 

0015 

666 

85 

85 

0070 

0016 

025 

84        '" 

84 

30 

(K)',t2 

0022 

4. VI 

83        « 

S3 

41 

0111 

0036 

277 

83 

83 

oi:)0 

0069 

145 

81 

81 

43 

02  H» 

0054 

1S5 

80 

SO 

30 

()27;i 

0123 

SI 

78 

7S 

30 

OS'.tf) 

0085 

117 

77        " 

77 

13 

OJM 

0169 

59 

75        '» 

75 

10 

0050 

0125 

SO 

73        " 

73 

43 

0775 

0233 

42 

71        " 

71 

30 

KMK 

0237 

42 

69        '* 

(•)9 

13 

12 1:. 

02S^ 

36 

67 

r>7 

l.".J7 

o;v27 

:«i 

64        '" 

04 

30 

l.s.-.l 

0300 

33 

62 

02 

13 

21.54 

0347 

2S 

60 

00 

2501 

0790 

12  6 

55 

55 

:V2».)1      1 

0M2 

119 

50 

50 

■\\x:\ 

(H»55 

10  4 

44 

44 

30 

5it^^ 

1457 

68 

36 

36 

0.545 

1796 

5  6 

24 

24 

>;-■ !  1 

•135S 

7  3 

10 

10 

1  J  t  .'  1    1 
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TABLE  XI. 

Least  perceptible   decrement  as   observed   upon   light    of  varying  intensity   and 

of  wave  length  =  •  52/i. 


Scale  Reading 

a                   C 

Least 
de( 

perceptible 
jrement 

Sensibility 

o      / 

39 

o 

29 

/ 

763 

160 

6-25 

49 

39 

603 

122 

8 

2 

56 

46 

481 

112 

8 

9 

62    30 

52 

30 

369 

074 

13 

5 

67 

57 

295 

053 

18 

8 

70      30 

60 

30 

242 

043 

23 

2 

73    30 

63 

30 

198 

038 

26 

3 

76 

66 

25 

160 

026 

38 

4 

78      28 

68 

28 

134 

018 

55 

5 

80    « 

70 

116 

021 

47 

6 

82 

72 

095 

015 

66 

6 

83    30 

73 

30 

080 

013 

76 

9 

.   84    " 

74 

U 

067 

010 

100 

86    ^ 

76 

5 

057 

015 

66 

6 

88 

78 

042 

012 

83 

3 

89   «•' 

79 

55 

030 

007 

142 

8 

91    '= 

81 

5 

023 

008 

125 

92    « 

82 

45 

015 

003 

333 

93   30 

83 

30 

012 

002 

500 

94    " 

84 

10 

010 

004 

225 

95   30 

85 

30 

006 

003 

333 

96   *° 

86  . 

50 

003 

001 

1000 

97    >« 

87 

15 

002 

TABLE  XII. 

Least   perceptible   increment  as  observed  upon  light   of  varying   intensity  and 

of  wave  length  ==-57/^. 


Scale  Reading 

a 

Cos.«     Le. 

it  perc'ble 
jrement 

Sensibility 

o     / 

90 

0 

90 

/ 

97   « 

88 

45 

0004 

97      29 

88 

29 

0007 

0004 

2500- 

97    2 

88 

2 

0011 

0006 

1666-6 

96      35 

87 

35 

0017 

0008 

1250- 

96    « 

87 

5 

0025 

0011 

909 

95      33 

86 

33 

0036 

0012 

833 

95 

86 

0048 

0015 

714 

94 

85 

26 

0063 

0017 

588 

93    =' 

84 

51 

0080 

0020 

526 

93    '3 

84 

13 

0100 

0032 

312 

92      23 

83 

23 

0132 

0037 

270 

91      30 

82 

30 

0169 

0047 

213 

90      32 

81 

32 

0216 

0056 

178 

89   30 

80 

30 

0272 

0070 

142 

88   20 

78 

20 

0342 

0082 

122 

87    « 

78 

6 

0424 

0091 

109 

85   »" 

76 

60 

0515 

0110 

90 
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TALliE  \ll.— Continued. 

Least    perceptible  increment   an   olnM-rvi-d    u{>on    li^Jit    of   varying   intensity  and 

of  wave  Ifugth  •=-57/i. 


Scale  Reading 

a 

1 

Qjgjg               Least  pertep'bie 
I  ncreuient 

Sensibility 

84         »" 

T.'i 

ij 

•0625 

0125 

80 

83 

74 

« 

■07.50 

01. iO 

66 

81 

72 

as 

•0<MM) 

0162 

61 

79 

70 

M 

UHVJ 

0191 

52 

78         '^ 

69 

u 

i-2:>t\      1 

0229 

43-6 

76 

67 

Jo 

Uvj 

02»)5 

37  7 

74 

65 

11 

1747 

0305 

32  7 

72 

63 

•2052 

0358 

27-9 

69        " 

60 

Jl 

•241(1 

0420 

23-8 

66        »° 

57 

to 

•283(1 

04«»9 

20 

63         « 

54 

43 

•3329 

0<>*>5 

15 

59         " 

50 

4J 

•3994 

0<i98 

14  3 

55        " 

46 

4a 

•  4«>92 

01MI3 

11 

50        '" 

41 

10 

•  5595 

1277 

7-8 

43 

34 

•6872 

1463 

6-8 

33 

24 

•8335 

1446 

60 

17         »" 

8 

1m 

■97S1 

T.\BU:XIIL 

Least  perceptible  increment   as  observetl   upon   light   of   varj'ing    intensity    tmd 

of  wave  length  ^63/1. 


Scale  Reading 

(I 

In( 

Percep'ble 
?rement 

Sensibility 

0                   / 

o 

/ 

97         '» 

88 

IS 

•0009 

0006 

1666- 

96         " 

87 

*i 

•0015 

0012 

833 

96 

87 

•0027 

0016 

625 

95         ' 

86 

10 

•00-13 

0O29 

344 

94       .  » 

85 

i 

■0072 

0057 

175 

92        » 

83 

M 

■0129 

0058 

172 

91          » 

82 

1 

•0187 

0108 

92 

89 

80 

i 

0295 

0089 

112 

87 

7s 

40 

•03M 

0113 

88 

86         * 

1    i 

5 

■{M97 

(Kl.s,3 

120 

85 

7t') 

■0.>80 

0132 

75 

83        " 

71 

■0712 

0164 

60 

81         " 

72 

4i 

•  0,S76 

0173 

57 

80 

71 

s 

■1049 

0225 

44 

78 

69 

i 

1274 

0154 

64 

76         " 

67 

*i 

•1428 

0220 

45 

75 

66 

1648 

0270 

37 

73 

64 

■1918 

0281 

35 

71 

62 

2199 

0301 

33 

69 

«•)() 

•2."><K» 

(M:>a 

21 

66 

.">7 

•  2*»59 

(M(t5 

24 

63 

:>4 

10 

•3.3(V» 

0.'>O4 

19 

60 

61 

10 

•  38<»8 

.  1-  (  ' 

13 

56 

47 

10 

•4610 

17 

53 

44 

•5169 

u,"7.'» 

12 

48         " 

39 

30 

.5944 

( >s  J  5 

11 

45 

.S4 

1.1 

■  67S9 

(•M4 

12 

38 

29 

IJ 

■76t)3 

(I7;i2 

13 

33 

24 

•8335 

0900 

11 

25 

16 

9235 
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TABLE  XIV. 


Least  perceptible   increment  as  observed  upon  light  of   varying  intensity    and 

•69//. 


of  wave  length= 


Scale  Reading 

a 

Cos^a 

Least  percept'ble 
Increment 

Sensibility 

o                t 

99 

0               / 

90 

0 

•0169 

591 

91         3" 

82         30 

0169 

•0130 

76^9 

89 

80 

0299 

•0225 

44.4 

85         « 

76 

0524 

•0376 

26^5 

81                30 

72         30 

0900 

•0439 

22-7 

77         30 

68         30 

1339 

•0579 

17^2 

73 

64 

1918 

•0652 

15-3 

68        30 

59         30 

2570 

•0794 

12^5 

63        30 

54         30 

3364 

•1111 

9 

57 

48 

4475 

•1392 

7^2 

48 

40 

5867 

•1771 

5-6 

38 

29 

7638 

•1848 

54 

22 

13 

9486 
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> 

< 


I 

f»  C  O  «  lT  m  'C  C  O  Ci  C  C.  in  C-.  c.  — 
C^jcccccO'T'rcC'r'reoMcC'rcccecc 

Sensibility 

O  c:  M  Li  O  i-T  ri  r^  «~  -rcj  C  ~J  ;£  M  C» 
L-^  en-  I',  ri  re  i^  »r  T  L~  1^  ic  ri  ^t  c".  ri 

1 

X  rt  X  t-  re  -r  X  X  X  "-e  X  -r  M  -*  c^  Le 

c><..r»c»cxt^>-'5e!coco'cex«»o-r 

Luminosity 

fo  —  t^c-jcccrccc^c  —  xc^  —  c.  i-e 

ue  r-  •-•  re  c  ~  '^  ~  r;  -.c  1-  CI  re  n  i-e  re 
—  —  X  X  -^  ri  c:  c;  ;c  ue  'T  re  — 
—  i-e  r.  C-.  cc  re  — 

Least  Percep'le 
Increment 

c^  C-.  cr.  —  -r  ri  r.  —  —  Li  «  c  —  ce  '^  — 
X  cr.  t^  C  C)  l;:  —  —  —  —  ri  t;;  C  ej  r^;  — 

• 

% 

.-1  o  o  i.e  X  c:  ce  —  —  re  X  r;  -r  tr  ~  le 

--  cc  t^  D  -ri-  re  —  —  ei  —  c  --r  —  ei  ~ 
i^o  —  Le  —  3c:cccc  —  rexcic^ 

ccn-HCCOcocococcce-- 

a 

ee  a.  c:  w  c-i  X  c)  I-  r-  X  cc  c:  'e  —  r  ~ 
05  lO  — ■  n  r^  r:  1  M  rj  rt  r-  t-  -^  re  C  re 

ico2XXC>^  —  occc:c:  —  •—  re-  — 
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The  Persistence  of  Vision  of  (Dlutirs  of'  Wuyino  lutensitt/. 
/>//  FuANK  Allkn,  J'h.Jf.,  F./i.S.C, Professor  of' riii/sivSf 
['niversiti/  of  Manitoba,  I  'a/uula. 

IN  a  fornuM-  cominniiieation  to  tin*  l*hilo>ii|iliit.-al  ,Ma;4a/iiif' 
a  method  ol  nit'a>iinnrr  the  luiniiu)>it_v  of  tht-  spoctrmii 
was  discussed,  which  mav  also  be  used  for  tlio  determination 
of  the  persistence  of  vision  of  colours  of  varyin;;  intensity. 
The  arrangement  of  apparatus  emjiloyed  in  the  present  iu- 
vestif;ation  is  very  similar  to  that  ilescriiied  in  the  piper 
referred  to,  and  is  shown  diaiiranimatieally  in  ti;^.  1. 

Liu;ht  from  the  acetylene  Hame  (A),  after  concentration  hy 
a  lens  (B\  passed  thron;j;h  an  open  sector  (I'O" )  of  tiie  disk  ((') 
whii'h  was  rotated  ity  an  electric  motor,  then  throJiph  two 
Nicol     jirisms    (D   antl    K)    arranged    with    their    principal 

•  "A  New  Method  of  Measuring'  tho  launiuositj  of  the  S|>«ctruiu,' 
May  15111. 
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sections  horizontal,  thence  through  the  spectrometer  (F), 
and  was  finally  viewed  in  an  eyepiece  in  which  all  the  light 
of  the  spectrum,  except  a  narrow  csntral  band  of  any 
desired  colour,  was  cut  off  by  means  of  adjustable  shutters. 

Fig.  1. 


1^ 


<7 


M 

In  making  the  measurements,  the  eye,  which  before  each 
reading  was  always  rested  in  ordinary  daylight,  observed  any 
selected  patch  of  colour  which  was  caused  to  flicker  by  the 
rotation  of  the  sectored  disk.  The  speed  of  the  disk  was 
increased  until  the  critical  frequency  of  flicker  was  reached, 
and  then  electrically  recorded  on  a  chronograph. 

At  first  the  principal  sections  of  the  nicols  were  parallel, 
so  that  a  persistency  curve  might  be  obtained  for  the  greatest 
intensity  of  light  possible  with  the  apparatus.  It  may  be 
pointed  out  that  any  error  arising  from  the  use  of  Nicol  prisms 
in  colour  measurements  does  not  affect  these  results,  as  they 
are  purely  comparative. 

On  subsequent  days  similar  curves  were  obtained  for 
spectra  whose  intensities  were  diminished  in  determinate 
amounts  by  rotating  the  polarizer  through  suitable  angles. 
In  all,  nine  curves  were  determined  for  a  series  of  luminosities 
varjang  from  the  fullest  brightness  of  the  spectrum  down  to 
the  point  where  very  little  light  was  perceptible. 

In  Table  I.  the  first  column  shows  the  wave-lengths  for 
W'hich  determinations  of  the  duration  of  the  luminous  im- 
pression at  the  critical  frequency  of  flicker  were  made,  viz. 
\  -725  /x,  X  -665  IX,  \  -590  /x,  \  -520  /a,  X  '460  ^i,  and  X  -430  /i  ; 
the  other  wave-lengths  in  the  table,  and  the  corresponding 
data,  were  obtained  by  inspection  from  the  curves  formed 
by  the  first  six  experimental  values.  The  non-experimental 
data  are  placed  in  the  table  to  indicate  the  lowest  points  on 
the  respective  persistenc)'"  curves,  and  hence  denote  the 
brightest  points  in  the  corresponding  spectra.  The  numbers, 
0°,  20",  40°,  &c.,  at  the  heads  of  the  pairs  of  columns  in  the 
table,  are  the  angles  between  the  principal  sections  of  the 
nicols  from  which  the  relative  brightnesses  of  the  corre- 
spending  spectra  are  computed. 
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In  the  coliiinns  under  D  are  the  values  of  tlie  persistence 
of  vision,  or  tlie  duration  of  the  visual  impression^.  In  the 
columns  umler  L  are  the  luminosities  corresponding  to  the 
vahu's  of  n.  These  are  oiitaineil  i)y  assuming  a  luminosity 
of  100  for  the  smallest  value  of  I),  6-0153  sec,  in  the  whole 
tahle,  and  then  applying  the  Ferry-Porti-r  law  in  its  simple 
form 


D  = 


/•  Ion  L 


for  the  other  values  of  1>  in  all  the  rolinr.n!». 

In  li^.  2  the  values  of  I)  and  the  wave-lctigths  are  used  as 
coonlinalos,  wliich  i:ivo  a  sorites  of  nine  porsistenov  curves  for 
intensities  varying  almost  to  invisibility.  The  curve  for  the 
brightest  spectrum  corresponding  to  the  an<:^Ie  (^°  between 
the  sections  of  the  nicols  is  at  the  bottom  of  the  figure,  and 
that  for  the  dinnucst  spectrum  at  the  top.  In  the  "curve" 
for  88°  30'  only  one  point  was  obtained.     It  will  be  noticed 
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that  the  brightest  points  of  the  spectra,  represented  by  the 
lowest  values  in  the  curves,  gradually  shift  from  the  yellow 
towards  the  blue  as  the   spectral  intensities  grow  smaller. 


Fig.  2. 


•40/i       -45 


•55  -60 

Wsi/e  Length. 


The  displacement  of  the  brightest  point  here  indicated  is  not 
so  great  as  other  observers  have  obtained  by  different  methods. 
In  fig.  3  the  coordinates  are  the  values  of  the  luminosity,  L, 
and  the  wave-lengths  in  Table  I.  These  give  a  corresponding 
series  of  luminosity  curves  for  spectra  of  diminishing  in- 
tensities, the  brightest  spectrum  being  represented  by  the 
highest  curve.  These  are  of  the  usual  type  of  luminosity 
curves,  and  also  show  the  displacement  of  the  brightest 
point  of  the  spectrum  towards  the  blue  when  the  intensities 
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spectrum. 
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A  somowluit  siinihir  <i;roiip  oi  throe   luininositv  curves  was 
obtaiiieil  by  Hay  craft*  hy  the  tliiker  metlioil,  who,  however, 
cm|iloyeil  colour  disks  at  throe  dilVerent  iIlteu^iti<•s  of 
nation  instead  of  spectral  colours.     His.  : 

the  same  as  those  in   li^.    '.\,    hut  are  ii. i 

j;reuter  displaeeineut  towards  the  blue  of  the  i 
than  is  indicated  in  my  own  curves. 

In  Table  11.  the  first  colun)n  shows  t' 
the  principal  sei'tions  of   the  nicols,  tlu 
of   cos'- a  to  which    the    luminositii'S   are    ; 
the  remaining    columns    in    pairs    under    ; 
\"7l'.')^,  ^^c,  show  the  values  of  the 
and  their  reciprocals. 
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Table  II. 
(/urves  for  Diminishing  Intensity  of  Spectrum. 

between  X  =  -725/x.  X  =  -665ju.  X  =  -590/i. 
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From  the  Ferry-Porter  law 

•we  have  the  relation 

1 

D 

=  Z;logL  +  A;'. 

By  plotting  the  values  of  -^  and  cos^  a  on  semilogarithmic 

paper,  there  results  a  group  of  straight  lines  which  are  shown 
in  fig.  4.  Each  curve  of  the  six  in  the  figure  represents  a 
series  of  diminishing  values  of  intensities  for  a  single  portion 
of  the  spectrum,  the  centre  of  which  has  the  wave-length 
indicated  on  the  curve.  Each  curve  also  is  composed  of  two 
straight  lines.  The  change  of  direction  appears  to  be  very 
abrupt,  though  probably  the  sharpness  would  give  place  to  a 
somewliat  more  gradual  change  if  a  series  of  observations 
were  to  be  made  for  slight  alterations  in  Ijrightness. 

On  comparing  the  curves  it  will  be  noticed  that  the  upper 
portions  of  all  fall  into  two  groups.  Those  in  the  red 
orange,  and  yellow,  for  the  wave-lengths  X* 725  yu,,  \ '665 /a, 
and  \  "590  /i,  approach  parallelism,  the  last  two  being  almost 
exactly  so.     The  remaining  curves  for  green,  blue,  and  violet, 
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X 'riiiO /i,  \' lOO^,   ainl   \"llii>;x,    show  sotnewhut   the  same 
chtirucleiiatic  r»<lalioi). 


l-ig.  4. 


Cos' a   t'-Lumiftcsjty). 


The  lower  jiortioii?  of  all  tlio  curves  sliow  tiio  most  striking; 
tiitVoieiu-es.  Those  lor  X-otlj/i  and  X"72.")/a  aro  n«>t  far 
from  iH'in<f  continuous  in  ilirection  with  the  upper  portions 
of  the  curvtts,  while  those  for  X'-it'tO/i,  and  X*-i;Ui/i  are  tpiito 
hori/,i>ntal.  The  others  lie  at  various  inclinations  Ix-twion 
these  two  exlr»'mi's.  Thoueji  in  the  curve  for  X  ••it)0/i  there  is 
hut  one  point  in  the  lower  part,  yet  I  have  made  that  portion 
horizontal  since  Ives  ohtained  tins  result  lor  the  longer  wa\e- 
leuiith  X"lS/i.  and  1  for  X  ••liU>^. 

'i'liese  curves  eoniirm  similar  results  previously  ohtained 
l»v  Porter*  and  by  Ivesf-  Porter's  results  were  for  u  di>k 
with  white-li;;ht  illumination,  while  those  of  Ives  wore  for 
live  spectral  colours.  The  latter  found  the  curve  for  X  •65 /x 
to  he  exactly  a  straii^ht  line,     Consiilorinj;  the  curves  of  Ives 

•  rroc.  Kov.  Soc.  Ixx.  p.  813(1902). 

t  rhil.  Mj.g.  xxiv.  p.  ;;.>_'(  ml:.'). 
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and  my  own,  it  would  appear  that  the  lower  portions  of  the 
curves  for  \ ' 4:S0  fj,,  A,  "460 /a,  and  A, '430 /a  are  all  nearly 
horizontal,  though  probably  only  one  is  exactly  so.  My 
curve  for  \*430yu,  shows  a  slight  upward  tilt  of  the  lower 
part,  though  the  data  are  too  scanty  to  give  a  reliable 
conclusion. 

In  regard  to  the  meaning  of  the  abrupt  change  of  direction 
shown  by  the  curves,  there  is  probably  no  reason  to  question 
the  interpretation  based  on  the  duplicity  theory  of  von  Kries*, 
that  the  upper  part  relates  to  vision  by  the  retinal  cones, 
the  lower  part  by  the  rods,  and  the  sharp  change  in 
direction  marks  the  sudden  transition  from  the  one  to  the 
other. 

It  is  evident  from  tbe  curves  that  the  critical  frequency 
of  flicker,  or  persistence  of  vision,  is  not  simply  dependent 
on  tbe  luminosity  alone,  ])ut  that  colours  per  se  have  peculiar 
and  independent  effects  of  their  own  f. 

In  those  curves  which  have  a  portion  horizontal  it  appears 
that  the  effect  of  the  diminishing  intensity  of  the  light  is  just 
balanced  by  some  restraining  influence  of  the  colour. 

The  Purkinje  phenomenon,  or  the  displacement  of  the 
brightest  point  of  the  spectrum  towards  the  blue  when  the 
intensity  of  the  light  is  diminished,  has  been  shown  by 
the  curves  in  the  preceding  figures.  The  tables,  however, 
contain  data  which  can  be  used  to  exhibit  this  important 
phenomenon  in  a  more  specific  manner.  For  each  value  of 
cos^  a  there  is  a  series  of  relative  values  of  the  luminosity,  L, 
for  the  various  spectral  lines  studied.  Taking  the  red  of 
X '665 /x  as  a  standard  of  reference,  and  plotting  its  lumi- 
nosities horizontally,  the  corresponding  values  of  L  for  the 
green  of  X"520/x,  the  blue  of  \ '460 /x,,  and  the  violet  of 
\  '430  /x,  can  be  plotted  as  ordinates  so  as  to  give  curves 
of  equivalent  luminosities.  If  the  luminosities  of  these 
colours  rise  or  fall  at  the  same  rate,  the  resulting  curves 
ought  to  be  straight  lines.  The  data  from  the  preceding- 
tables  are  arranged  in  Table  III.,  and  are  displayed  gra- 
phically in  fig.  5. 

The  three  ciu'ves  in  the  figure  alike  show  the  relative 
increase  in  brightness  of  the  green,  blue,  and  violet  lights 
compared  with  the  red,  since  they  deviate  from  straight 
lines  at  the  lower  intensities.  As  the  violet  is  approached  it 
is  to  be  expected  that  the  phenomenon  should  manifest  itself 
over  an  increasing  portion   of  the  curve,   as  it  does  in  the 

*  '  Coloiu"  Vision,'  J.  H.  Parsons,  p.  208. 
t  Ibid.,  p.  98. 
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li^^iup.      1  his  conliirns   uiid   (.-xtendis  similar  results  obUiineil 
by  Ki»nig'. 

Fig.  .0. 
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Tablk  111. 

Green  X'^JO  ft. 
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Blue  A-4(;U/i.     Violet  X-43ti« 
L. 
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9-2 
7-2 
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My  original  iiitcntidii  was  only  to  obtain  the  curves  for  tiio 
|i('rsist(MU'e  of  vision  which  aro  shown  in  li^.  1.  Consideration 
of  the  (lata  ohtuincd,  however,  showed  that  they  could  bo 
iitili/.cd  in  the  various  ways  discussed  in  this  paper.  These 
nro  largely  the  contirniation,  as  well  as  the  extension,  of  tlie 
woik  of  other  investigators,  which  is  always  desirable, 
especially  when  dilVerent  methods  of  exp«4rimentation  aro 
UM'i\.  This  confirmation  has  an  additional  advantag«\  since 
it  shows  how  coinpli'ttdy  reliable  is  the  method  of  the  critical 
frequency  of  flicker,  or  persistence  of  vision,  as  a  means  of 
investigating  tlie  phenomena  of  colour  vision. 

*  Kilnisr,   (tesainiiiciie   Abhandlunricn,  p.    144  ;   also  '  Colour  Vuioo  " 
I'arsoiis,  p.  59.  ' 
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On  the  Discovert/  of  Four  'Jransit't<>''    /'■'   .'//<'  Sptctrxn'r 

and  the  Primary  Colour  Sensatu  ,,.>.  7>y  Fkank  Ali.in. 
Ph.D.,  F.N.S.C,  Professor  of  I'ht/sics,  I'niversitt/  v/ 
Manitoba,  \\  innipfg. 

ri'^lIE  rosoarclies  in  colour-vi>i(iij  wliicli  I  Imvi'  iiuule  from 
X.  tiiup  to  time  have  had  l\)r  their  socoiuiary  olijfct  the 
extension  of  our  kno\vU'(l<;o  of  the  j»er.sistonoe  of  vi>ion,  and  for 
their  priniary  ol»jeet  the  determination  in  an  ineontrovfrtihle 
manner,  if  jiossiblo,  of  the  numher  of  fundamental  eolour- 
sonsatious,  and  the  precise  waves  of  liffht  by  wldeh  they  are 
excited,  concerning  Nvhich  there  has  been  and  still  is  much 
controversy. 

In  this    commuuicatit"'    ^   l.  .!.•    ^-.tli,.!-..,]    f...  ,'.]  .>r    v,iino 
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results  previously  published,  and  incorporated  with  them  new 
investigations  which  appear  absolutely  to  determine  tlie 
number  of  the  fundamental  colour-sensations.  With  the 
method  of  study  which  I  have  used  it  does  not  yet  seem 
possible  to  designate  the  exact  waves  of  light  which  excite 
the  primary  sensations  of  colour  ;  but  it  is  possible  to  deter- 
mine the  limits  between  which  these  hues  must  lie. 

The  apparatus  used  for  purposes  of  measurenient  was 
similar  to  that  described  in  a  former  paper*,  and  essentially 
the  same  as  that  devised  and  used  b}''  E.  L.  Nichols  f.  Light 
from  an  acetylene  flame  passed  through  a  disk  with  two 
opposite  open  sectors  of  ninety  degrees  each,  whose  speed 
of  rotation  was  electrically  recorded  upon  a  chronograph. 
The  flickering  light  was  dispersed  into  a  spectrum  by  a 
suitable  spectroineter,  and  a  shutter  eyepiece  enabled  obser- 
vations to  be  made  as  desired  upon  narrow  strijis  of  the 
spectrum.  The  speed  of  the  disk  was  adjusted  so  that  the 
flickering  of  the  light  became  just  imperceptible  and  then 
recorded.     The  arrangement  is    shown  by  the  diagram   in 


fig.  1. 


Fig.  1. 
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By  means  of  an  arc-light  and  a  second  spectrometer  with 
two  prisms,  a  brilliant  spectrum  of  considerable  dispersion 
was  formed,  narrow  portions  of  which  were  isolated  by  a 
shutter  eyepiece,  and  used  to  fatigue  the  eye  with  which 
observations  of  the  persistence  of  vision  were  made.  An 
interval  of  time  of  about  three  minutes  w^as  allowed  for 
tatiguing  the  eye  before  each  measurement  of  the  critical 
time  of  flicker  was   made.     In  this  way  a  persistency  curve 

*  Allen,  "Effect  on  the  I'ersistence  of  Vision  of  Exposing  the  Eye  to 
Liplit  of  Viuious  Wave-J^enjrtlis,"  Pli}^.  Rov.  xi.  I'JOO. 

t  "  Ou  the  ])uration  of  Colour  Impressions  on  the  lletina,"  Am.  Journ. 
Sci,  xxviii.  18t<4. 


Sjiectruin  ami  the  I' rtiuary  (  olour  iSensaliona. 
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for  tlie  whole  spectrum  was  ohtaiiied  whioh  can  be  cornnar<!il 
with  il  nonnal  curve  jtrovionslv  tlt)ttM-miii«*<l  when  the  eve 
was  adaptt'il  tor  ililVuseil  ihivli;;ht,  At\ariuus  times  th'?sfl 
curves  liuvti  been  ol>taint'il,  ainl  in  this  paper  seventeen  of 
thnm  are  compared  and  discussed. 

In  two  former  invostio;ations*  curves  were  described  for 
seven  portions  of  tim  spectrum,  viz.:  f(jr  red,  oraiij^e,  vellow, 
^reen,  blue,  and  violet,  the  wave-len<j;ths  of  which  were 
respectively  Xt)f<0^,  X'G2l)/i,,  X-^^U/i,  X\)17fi,  X'^JOfi, 
\*440/u,  and  \'4(X)/i.  These  curves  are  all  reproduced  in 
this  paper. 

In  a  communication   to   flic    I)riti-«h    Association!   at    its 


Fig.  2. 
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Winiiipe;:  meeiiijn;,  I  pointeil  out  a  v<'ry  curious  and  re- 
markable elfect  occurring  when  the  falinuin^f  colour  was 
X"lU»0/i.    It  will  be   noiiied  from  ti;;.  2  that  the  persistency 


•  '•  KtTi'Cton  Porsistence  of  Vision,  etc.,"  V\\\>.  i.<  \.  m.  ItKi.  ".-^..nnj 
rhenotiuMiii  of  the  Persistence  of  ^■i.•.iou,"  1'1j"\s.  Kev.  vol.  Xiviii.  llMA>. 
Al^o  'rnins.  lJ.<y.  rnii.  H>OS. 

t   li'-'ltort  of  h.A.A.S.  l<Hi;).  p.   JO. 
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curve  obtained  when  the  eye  was  fatigued  with  a  pure  red 
of  wave-length  X"680/i  has  in  it  a  single  characteristic 
elevation  which  corresponds  to  the  red  portion  of  the 
spectrum,  the  rest  of  the  curve  coinciding  with  the  normal. 
It  will  also  be  noticed  from  fig.  8,  that  when  ih^  fiitiguing 
colour  Avas  the  wave-length  \  '589  /x,  there  were  two  elevations 
in  the  curve,  one  in  the  red  as  before,  and  the  second  in  the 
part  corresponding  to  green.  It  occurred  to  me  that  there 
must  be  in  the  spectrum  a  point  of  transition  from  the  type 
of  curve  with  one  elevation  to  that  with  two,  and  that  tlie 
curve  obtained  when  this  transition  point  was  made  the 
fatiguing  colour  would  probably  diflfer  in  some  way  from 
both.  Accordingly,  search  was  made  for  it.  The  eye  was 
fatigued  with  the  colour  \  '670  /i,  and  the  readings  in  Table  I. 
were  obtained. 

Table  I. 


X. 

Normal 

Eye  fatiojiied 

X. 

Normal 

Eye  fatijriied 

Persistence. 

with  X  -670  fi. 

Persistence. 

with  X  '670  /t 

733^ 

•0340  sec. 

•03Sn  sec. 

•5.30^ 

•0171  sec 

•017.")  sec. 

695 

•0248 

•02(56 

•500 

•0215 

•0224 

663 

•0198 

•0214 

•470 

•  .  . 

•0306 

601 

•01.'>6 

•0155 

•460 

•0332 

•  >• 

564 

•0157 

•0155 

•430 

•0513 

... 

These  values  are  plotted  in  fig.  3,  and  give  a  curve  with 
one  elevation,  similar  to  that  for  the  wave-length  A,  '680  /z. 
Similarly,  curves  were  obtained  for  the  wave-lengths  \  'GSl/x 
and  X  *625  yu,,  the  data  for  which  are  tabulated  in  Table  II.  and 
Table  III.  respectively. 

Table  II. 


X. 

Normal 

Eye  fatigued 

'      X. 

1 

Normal 

Eye  fatigued 

Persistence. 

with  X  •OJl  //. 

Persistence. 

with  X  -C^sl  /x. 

733  ;i 

•0318  sec. 

•0353  sec. 

•530 /i 

... 

•0177  sec. 

695 

•0232 

•0254 

•500 

•0180  sec. 

•0189 

663 

•01 S5 

•0107 

•460 

•0310 

601 

•0144 

•0145 

•430 

•0468 

... 

664 

•0147 

•0153 

Tabl 

ElII. 

X. 

Noruiiil 

Eye  fatigued 

X 

Normal 

Eye  fatigued 

Persistence. 

with  X"625ju. 

/\. 

Persistence. 

with  X  625  n 

•733  ;x 

•0;il8  sec. 

•03C)4  Bee. 

•530 /i 

•0170  sec. 

•oy.T 

•0232 

•0249 

•500 

•0189  sec. 

•0194 

•663 

•0 1  b5 

•0190 

•460 

■0310 

... 

•601 

•0144 

•0144 

•430 

•0458 

•  ■• 

•564 

•0147 

•0162 

I      ... 

•  *  • 

•  •  • 

•'SfiiCirnin  uml  the  I'mnirj  <_oi'>'ir 

Fi{,'.  3. 
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Wa\^e  Length. 


The  corresponiliiiir  curves  aro  shown  im  u-.  J»  .iiul  li''.  (".. 
Roth  are  of  the  saiiit*  tv|Mi,  an«l  exhihit  two  elevations 
simihir  to  those  in  the  curve  for  the  wave-length  \''>i^[}fi  in 
H^ii.  i>.  As  these  measurements  are  tedious  to  make,  I  yieldeil 
to  the  temptation  to  determine  those  curves,  and  a  few  others, 
as  will  l((>  iiotiiH'd.  only  for  tlioso  parts  where  experience  shows 
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the  elevations  can  occur.     There  can  be  no  doubt  that  the 
rest  of  the  curve  would  cohicide  with  the  normal. 

Fig.  4. 


■4Q/J. 
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The  transition  point  was  thus  narrowed  down  to  the  wave- 
length X'SdOfi.  The  eye,  therefore,  was  fatigued  with  this 
colour,  and  from  the  data  obtained,  Table  IV.,  the  curve  in 
fig.  4  was  plotted. 
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•70 


No  elevation?  at  all  a|i]V'ar<'d,  and  tlio  almtnniai  curve 
coiiK-iiieil  wiiii  iho  normal  thri>U':lioiit  tlifir  length.  This 
surprising   result  at  tir>t  Mas   taki-n  to  indicate  that  the  eye 
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had  not  been  sufficiently  fatigued  or  that  the  readings  were 
not  properly  taken.  With  the  greatest  care  the  whole  of  the 
readings  were  repeated  on  the  following  day  with  exactly  the 
same  result.  The  remarkable  conclusion  follows,  that  fatiguing 
the  eye  with  a  narrow  band  of  colour  whose  central  wave- 
length is  \'GGO  /ji,  has  not  the  slightest  perceptible  effect  on 

Fig.  6. 
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the  measurement  of  the  persistence  of  vision  for  any  part  of 
the  spectrum.  This  Avave-length,  A, '660 /i*,  is  therefore  the 
transition  point  between  curves  of  the  single  red  elevation 
type  and  those  of  the  double  red  and  green  elevation  type. 


spectrum  and  the  I'riinary  Colour  Sensations. 

Fig-.  7. 
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The  persistency  cnrve  obtained  when  the  eve  was  fatigued 
with  the  wave-length  A, '620/*  is  here  reproduced  in  fig".  7 
from  a  previous  paper  to  which  reference  has  ah'eady 
been  made.  This  curve  is  of  the  double  red  and  green 
elevation  type,  similar  to  the  curves  of  the  two  figures 
immediately  preceding. 

Fiff.  9. 
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Further  consideration  led  to  the  conclusion  that  a  second 
transition  point  ought  to  exist  between  curves  of  the  double 
red  and  green  elevation  type  and  those  of  the  single  green 
elevation  type.  Since  the  curve  for  the  wave-length  X"520/a, 
fig.  13,  was  known  from  a  previous  investigation,  persistency 
curves  were  successively  determined  with  the  fatiouinof 
colours  X, '560/4  and  X'oiO  fi.     The  data  for  these  are  given 


Sjnu'trtiiii  ami  I  hi-  I' ruiuii'i/  Colon  r  Sensations.  fj5 

ill  T;iM.-  V.  imd  Tiililc  \\.,  uiul  ;irc  plotteil  ill  li;f.  '.♦  and 
li<(.  U)  respectively.  l5otli  (Mirvos,  it  will  he  noticed,  are 
characteii/ed  hv  a  siiiy;le  elevation  in  the  jiioen. 
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Table  VI. 

X. 

Normal 

Eye  fatigued 

1       >" 

1 

Normal 

Ej 

e  fatigued 

Persistence. 

with  \  -540  jx. 

Persistence. 

vri 

th  X  -540  /i 

735  (u. 

•0337  see. 

•0318  sec. 

i     ^522  a 

•0164  .sec. 

•019U  sec. 

690 

■0221 

•0218 

\     ^495 

•0209 

•0209 

647 

•0167 

•0161 

•453 

•0360 

•0378 

593 

•0137 

•01.38 

•423 

•0538 

■0538 

553 

•0141 

■0161 

■410 

•0620 

•0602 

535 

•0171 

Since  the  persistency  curve  for  the  wave-leno-th  \ '577  fi, 
fig.  11,  had  previously  been  determined  to  be  of  the  double 
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red  and  green  elevation  type,  it  was  evident  that  the  transition 
point  must  be  near  X'570/^.     This  hue  was  then  used  as  the 


Table  VII. 

X. 

Normal 

Eye  fatigued 

X 

Normal 

Eye  fatigued 

Persistence. 

with  X  -570  /i. 

Persistence. 

with  \-b70fi 

■735 /x 

•0337  sec. 

■0320  sec. 

•522  /( 

■0164  sec 

■0163  sec. 

•690 

•0221 

•0224            1 

■495 

•0209 

■0205 

•647 

•0167 

■0168           j 

■453 

■0360 

■0365 

-.593 

•0137 

■01.37           1 

•423 

•0538 

■0554 

•553 

•0141 

■0146 

•410 

■0620 

... 

•535 

■0153 

... 

Sfteeh'tnu  ,nt(i  tlif  J^rimaiy  ('olottv  Seiiitiitionf.  r.7 

t"ati;^iiiii;;  ttjI.Mii ,  ,1,1.1  till'  result";  ;j;iveii  in  Tahh*  \' I  I .  obtained 
fiMiii  which  the  ciirv**  in  i\\i.  \'l  i-  |ih)tt('(l. 

Tliis  curve,  liki' that  fur  tlic  Hi>t   transition  point,  lias  no 
wK'vations,  l)iit  cuinciiles  at  all  points  with  tin*  normal. 
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It  was  now  certain  that  two  more  tran>ition  |)oints  existed, 
one  hetween  the  single  Lrreen  eh'vation  tv|>e  of  enrvo.  -^mAx 
as  that  for  tli(>  wavo-leniith  \'.")2(l^.  liij.  \\\,  mikI  the  tlouhli- 
ofeen  ami  violet  elevation  Ivpe,  lik.'  that  for  the  wave-length 
\I10^,  tiij.  lii;  and  the  other  markin;^  the  transition  from 
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this  latter  tjpe  of  curve  to  the  single  violet  elevation  type 
exhibited  by  that  obtained  for  the  wave-length  \'400/i.. 
fig.  17,  which  was  known  from  previous  work*. 
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narrowing   down  the  third  transition 


*  Note. — Tlie  readings  obtained  ^vhe^  the  eye  was  fatioued  with  the 
wave-lengths  \ '440  )it  and  X-400/t  are  given  in  the  paper  already  referred 
to,  viz. :  "  Effect  on  Persistence  of  Vision,  etc.,"  I'hys.  Kev.  vol.  xi.  By 
some  oversight  the  corresponding  nonnal  persistency  readings  were 
omitted  from  that  paper,  and  they  are  now  given  here  :  — 


\. 

Normal      ; 

X. 

Normal 

X. 

Normal 

Persistence. 

Persistence. 

Persistence 

758 /t 

•0182  see. 

•(522  n 

•0113  sec. 

•428 /i 

•0203  sec 

71.0 

•OLW 
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•0249 

080 

•0134          1 
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•0120 

•400 

•0277 

t)47 

•0121          i 

•465 

•0154 

Sjffi-triiiii  iiiiii  the  I'rnnari/  <  'oloiir  iSentiitione.  CI* 

THoioii.  the\\av«'.l<'ii;itlis  \"  liSO^uml  A  '4tiO/x  \v«re  siicce>sivelv 
useil  as  I'liti^iiiin;;  colours,  loi*  wljicli  tliu  results  in  TaliN-  \'  1 1 1 . 
and  Talilc  IX    \\»*n'  olitaint-tl. 
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These  curves  are<'\liiltiteil  in  tiij.  14  and  ti^.  !.'»  re>j)ecti\«'|_v. 
TlifV  show  nit  (de\afion>  al  all,  l)iit  art*  coincident  with  tin* 
normal  curve*.  The  conclii>iun  a|»|>ear>  lolie  that  this  tran-^i- 
tion  rc;iion  i>.  Iiroaih-r  than  those  proviuu.^ly  descrihed,  ftrobablv 
liocjiuse  the  dis|MMNion  oi"  the  hltie  in  the  pristnatic  >|»ectruni 
•is  y;reater  than  that  of  the  red.  The  wave-l«n;iths  \  •4b<*  ^ 
and  \'4li(i/i  inav  l»e  re^^anled,  therefore,  as  ntarkini;  the 
edge<  of  the  transition  hand,  the  centr<*  beinj;  the  wave-leu;^th 
\'17l)/x.  For  ilii>colonr  no  jier^istency  ciu've  was  considered 
iKJcessarv.  Ihe  curve  with  the  wave-lenj^th  \"4."^(>/i..  tig.  14, 
appears  to  retain  a  »li<;hi  vi'>ti;^eol'  the  irreeu  elevation  which 
1  have  indicated  l)V  alterin;;  tln'  curve  at  "A." 

The  fourth  ami  last  tran>ition  point  obviously  must  li»» 
between  the  wave-lenuths  X-44(i^  ami  X •4(K>/i.  since  the curvr 
for  the  former,  ti^.  IG,  has  two  elevations  in  the  green  and 
the  violet  re<rions,  and  that  ft)r  the  latter,  tig.  17,  only  om- 
in  tht>  violet.  The  colour  \"4*20/i  was  >elected  for  the  lirsi 
trial.     This  provetl   to   be   the  desired    point,  and   no  other 
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Table  X. 

X. 
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Eye  fatigued 
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Eve  fatigued' 

Persistencp. 

with  X -420  ;k. 
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•705  Jit 

•026-_'  sec. 

•020-_'  sec. 

•465  /( 
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... 
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colours  on  oitlier  ^iile  were  tried.  The  reaiJin;»;>»  are  shown 
ill  Tahle  X.  and  plottctl  in  fi;j.  IS.  Thi»  curvi-  id  without 
aiiv  iiidifatiuii  of  eh'vations,  and  eoincid«*f<  throu>:hoiit  its 
course  with  thf  nurtnal. 
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Ill  onler  to  oxhiliil  tii<-  >f\  iiiIk<ii  «  ui\.-*  deserihtnl  in 
the  ['receiliii;;  |'a;i«'?*  eoiuj>reh«'ii;>ivelv  in  a  -iinple  figure 
(tio.  19).  tliev  have  all  heen  replotted  so  as  to  make  th«' 
normal    curve   a   straijiht   line  l»v   roiluoinji  it-  scale    in    all 
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parts  to  the  arbitrary  value  of  lOt),  and  the  values  of  the 
abnormal  curves  in  the  same  ratio.  Slight  departures  of 
the  abnormal  from   the  normal  curves  have  been  ignored. 


Fig.  16. 
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lono  experience  having  shown  that  thev  are  without  signi- 
ficance, and  to  be  attributed  rather  to  the  inevitable  errors  of 
observation. 

The  elevations  of  the  curves,  both  single  and  double,  can 
be  readily  recognized  and  compared,  and  their  limiting  wave- 
lengths noted.  As  they  are  arranged  in  ascending  order  of 
wave-lengthsj  with  the  .shortest,  violet^  at  the  bottom,  the 
curves  for  the  four  transition  points  fall  into  their  projier 
places,  and  show  their  relation  to  the  curves  of  the  other 
types.  Each  band  of  colour  used  foi*  fatiguing  the  eye  is 
indicated  by  a  short  vertical  line  just  above  the  normal 
■curve. 

Finallj^,  the  seventeen  curves  have  been  consolidated  into 
a  single  composite  curve  by  taking  the  mean  values  for  all 
the  elevations  of  all  the  curves.     These  values  are  shown  in 
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Taljlr   XI..  anil   an*   plottetl   on  an  eiilarff«M|  soah*    in  tij^.  2«». 
Th«'   tour   liaiisitioii   points  are    in<lii*at«*<l    hy   -liort     \ertiial 


Ki-.  17. 


03 


•02 


o 

(J 

<0 


•40/i 


) 

t 

i 

* 

1 
1 

< 

FjC 

igue   colour 

1 
■'4CC/J 

J 

Norma/ — 

\ 

Fatigue 

1 

<1 

\ 

1  ^l 

11 

X 

\ 

^ 

I 

V 

\ 

// 

' 

^ 

// 

1 

xy 

// 

vr         1 

\ 

// 

f 

V 

/ 

\  ' 

/ 

^^^^ 

r^" 

•50  -60 

Wi?i/e   Length. 


•70 


lines    as    l»eloro,    ami    are  arrangeil  in    j>airs   ijnii«»  syninio- 


trirallv  sitiiatoil   in   relation  to  flic  two  jninima 
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Fig.  18. 
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Tlie  three  elevations  of  this  curve  are  stronolv  indicative  of  a 
trichromatic  basis  for  the  })erception  of  colour. 


Table  XI. 
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The  general  results  in  this  paper  may  be  represented' 
diaorammaticall3'  as  in  fio.  21.  In  this  diagram  the  indi- 
cated wave-lengths  mark  the  transition  points  and  divide  the- 
ipectrum  into  five  parts.    It  is  evident  that  the  fundamental 
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r«.'«l  stMi>alii)n  i-i>rr«'>|M>n(l~  io -.-mi' liiu' li»'l«  ••ni  llif  lK«;;iiinini: 
of  the  rcil  ami  the  [mint  <•!'  tiaiisitiim  at  XMitiK/i.  Siinilarlv, 
tin-  I'mulanu'Htal  oi-,'oii  >cn>atiou  i*  «*Xfit«Ml  In  >onie  |iortloii 
ol"  tlu'  suootrmii  lvin>r  In'twocn  tlif  seroiul  ami  iliir<l  transition 
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j)oints  at  the  wave-lengths  X"570/i  and  A,'470yu-.  Finally, 
the  third  fundamental  sensation,  which  must  be  violet  and 
not  blue  as  many  colour-theorists  allege,  lies  between  the 
fourth  point  of  transition  at  \*42()/iand  the  end  of  the  violet. 
It  is  to  be  regretted  that  this  method  of  investii>ation  does 
not  yet  enable  ns  to  discover  the  exact  fundamental  hues. 
It  is  possible  that  the  method  of  fatiguing  the  eye  with 
carefully  selected  pairs  of  colours  at  one  time,  such  as  I  have 
used   in  another  investigation*,  or  even  with  three  colours 

Fig.  20. 
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simultaneously,  will  bring  the  desired  precision.  Un- 
doubtedly such  investigations  will  elicit  much  new  informa- 
tion on  the  complex  and  apparently  inexhaustible  phenomena 
of  colour-vision. 

One  of  the  most  persistent  [)roblems  in  colour-vision  is  the 
proper  disposition  of  yellow.  In  purity  of  appearance  it 
seems  to  have  quite  as  much  claim  as  red  and  green  to  be 
regarded  as  primary  in  its  nature.  Indeed,  the  psychologists 
(|uite  universally  recognize  fully  the  i)rimary  quality  of  the 
sensation  of  yellow.  But  the  five  persistency  curves  obtained 
between  the  Wave-lengths  XMUJO/i  and  A, -570//.  are  identical 

*  <'Some  Phenomena  of  the  Persistence  of  Vision,''  Phy.«.  Kev. 
vol.  xxviii.  (190P). 
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ill  tlicir  naliirr.  aiitl  tlicrol'ui't.'  in  tlio  c-uii(.'lii>iuii<«  to  Ik*  ilrawii 
Iroiii  lliciii.  Tliis  i»'^i«)ii  iiK-lii<lM«  (»raii<ie  as  \vi«ll  as  vellow. 
No  oiif  (loiilit*  that  oraii«;«f  is  a  coiii|ioiiii(l  <i>ii>atIoii  ;  ami 
siiiff,  acfoitliii;;,  to  tlic  ('Ui-ve>,  tlit«  purest  vcliow  lias  prcciM'lv 
tin'  same  «*nV'ct  oil  llie  oyr,  it  iiiii«.l  likrwi-o  |»c  a  coiiiiioiiiid 
sensation.  Tli<>  «.aiiif  r<«asoniii;;  a|.|»li<";  to  hliic,  wliifli  also 
must  1)1*  coiniiouiiil  in  it>  iiatiin*. 

Till'  exisli'iic*'  of  three  sharp! v-iletined  reniuns  of  the 
spuftriiin  exhihitiii^  i'Ui\e-  ol  the  sineje  elevation  type, 
correspomline;  to  red,  ^reen,  and  \  iolet.  |»roves  conclusivolv 
the  existiMlco  in  (he  v.yo  of  thn'e  pi-iniarv  *eiivatioiis  eorr*?- 
spondint;  to  the-«e  (•oloiirs.  The  coiieiirrent  evidence  thai 
yollow  and  liliie  are  coinpoinnl  sensations  eoinpletes  the 
prool. 

The  ev  idenre  presented  in  this  |ia|MM-  for  the  existence  of 
Imt  three  fiindaniental  eolonr-sen>ati«)ns  is  eiitirelv  the  r«'snll 
of  e\peiiiiient~  inaile  upon  the  normal  retina.  Thi^  mav  he 
supplemenled  and  <jreatly  st  ren;^thened  l»\  <-(»Mi|)arison  with 
piM'sisteiiey  curves  ohlained  l>\  person>  who  are  I'olotir-Miiid. 
In  a  fornier  investi^^ation  '  1  studied  li\  ihi-  method  tw<Mitv- 
seveii  case^  of  almormal  eolonr-\  i^ion  ;  ami  in  li;;.  22.  from 
that  paper,  there  ar«i  >lio\vii  .six  out  t»f  the  >even  reprexMitative 
classes  into  whieli  eases  of  eolonr-Mindiiess  natiirallv  lall. 
Tile  persistency  curves  aie  .hawn  ati'-i  the  manner  of  those 
in  ti^i.  1!':  the  straiehl  lu)ri/.ontal  line  at  ()  is  mv  own  normal 
curve,  and  the  other  compared  with  it  is  that  ohtaimd  hv  the 
colour-Mind  person.  These  eiirvus  were  determined  when 
the  eyes  were  mtt  l"ati;j;ue<l,  hut  were  reste<l  in  ordinary 
dayli;;ht. 

In  li;i.  '2'2  (  l.is>  I.  is  .1  t-urve  with  one  (devatioii  in  the  retl. 
indicating  red-hlimlnoss  ;  ('lass  II.  shtuvs  one  elevation  in  the 
erroen.  the  cliaracterisiie  of  enHMi-lilindness  ;  (.'lass  III.  show> 
I  \No  elevations,  one  in  the  re(l  and  the  other  in  the  <M*een, 
indieatin;;,  a  type  »>f  Mimlnes^  iii\oIvin;j;  those  twti  cidours  : 
('lass  IV.  is  a  moiliHi'ation  of  the  same  tvpe  as  ("lass  III.  ; 
('lass  V.  has  two  elevations,  one  in  the  red  and  the  other  in 
the  \iolet.  another  type  of  eoloiir-lilindiiess  inv<dyiii«f  two 
colours;  ('his-;  \  1.  has  two  «devations,  one  in  the  •■reen  and 
the  other  in  the  \iolet.  still  another  tvpe,  hein;^  the  third 
possilile  \  ariet  v  of  eoUjur-iilimlness  in\olvine  two  eolonrs  • 
("lass  \  II.  is  thai  ol  a  totally  colour-Idind  person,  and  show.s 
tile  I'levat ion  ol  tlir  whole  curve.  Tli(>«e  persistency  curves 
for  eyes  that  aic  naturally  colonr-Miinl  show  I'xactiv  the  .same 
elevations  thai  are  olitained  for  the  normal  exc  when  fati<xued 

*  ■' rorsistfiiofoC  Vi.siou  in  Coloin-bliiitl  Siilijfct-. "  l'liv«   I{ov  vol  xv 
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by  various  spectral  colours.  These  curves  for  colour-bliud- 
iiess,  therefore,  constitute  strong  additional  evidence  for  the 
existence  of  three  })riiuary  colour-sensations — red,  green,  and 
violet. 

Fig-.  2-2. 
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According  to  this  theorv  seven  general  classes  of  colour- 
l)linilness  are  possible  :  three  classes  Avlien  any  one  colour- 
sensation  is  absent  or  defective  :  three  classes  when  any  two 
sensations  are  absent  or  defective;  and  one  class  when  all 
■three  sensations  are  absent  or  defective.     The  seven  types  of 
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vurvos  ill  [\^.  22  sliow  all  tlu*M*  cla^M•^  <*xeej>tiii;i  uiilv  thai 
for  violet  culoiir-lilindiiciis.  for  wliirli  tyjn'  I  Iium*  not  v<*t 
ttiijMil  a  ^iiltjr'«*t. 

For  tlu'  |iiir|t<>s«»  of  i'oiu|):iii-uii,  I  lia\<'  l»rou;(lit  toj^etln-r 
the  I'Xart  \nu's  ol"  the  pi  iiiiary  i-olour-  arconlin;^  to  several 
investiy;ator>  whose  ex|<eriiiien!s  were  (■oinliit-tetl  on  the  hasis 
of  th<;  trichromatic  theorv.  \\'ilh  these  are  induced  iho 
coloiir>  selecletl  hv  Hcriiiji  lor  his  theorv  of  colour-vision, 
ami  tho>e  tleturniined  for  l\u>  same  theory  hy  iho  accurate 
experiments  of  Hairtl  *. 
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Th'Ti'  i>  no  conHict  n<<r^~;iiijy  ;irisin<r  heiween  mvown 
fimilamciital  hues  for  red  and  ;;reen  and  thoso  of  llelnihi>lt/., 
Kiiiii;;.  and  Kxner;  there  is  diverwonce  in  the  case  of  violet. 
I*»tit  if  it  is  at  all  justifiahle  for  liehnholtz  and  the  others  to 
ditt'er  ill  their  ^reeii  hues  Ity  iicarlv  •()(*•  ^,  mi  e\ce|ition  need 
lie  taken  to  my  violet  determination  liecaiise  it  dilVcrs  from 
the  others  liy  an  c(|ual  amount. 

In  endeavoiirin;;  to  connect  the  transition  jioints  with 
other  I'olour-phenomena.  I  ha\e  foiiml  sjieciallv  >u«'';^estive 
the  colonr-scn-ation  curves  olit;iincd  hv  Ahne\  an<l  \Vatson, 
li<;.  2.1,  and  hv  Kiini^i  and  l)i<-ierici,  (i;:.  2\.  On  u  u  h  tif 
these  H»;;ures  I  lia\c  indicated  the  transition  points  hv  short 
\ertical  lines  with  wave-leii^ilhs  attached. 

Ill  ilu' curves  ol"  .Mnicy  and  W  at«tn  the  transiii(U)  point^i 
.\*(iti(>/i  and  \"i7(lft  are  pr.iclicallv  at  the  ends  of  the 
sensation  curve  for  ;;recn  ;  and  the  remainin;;  transition  points 
at  X  •42(>/zand  \  •.*)7t>^  arc  n"ar  lhe««ndsof  the  sens;ition  <'iir\e 
for  lilue.      \N'liile  the  jfreen  ami  red  sensation   iMirves  extend 

to  the  wave-h'n;;ih  \"l.'W'.  y»''  their  intiiience »•>- -d  with 

lilue    seems   i|uite    ne;:li;iihle  on  ihe  more    r<^!r.  -id.- nf 

\17(>a.       The   transition    point  at  \".")7(>/x  : 

*  .1.  N\'.  l>airil.  "riu'  Colour  Seiisilivity  nf  llic  IVripiienl  Itrtina,** 
("iiviiegie  liistitiitiuii,  llK).'). 


80  On  Foil)'  IVansition  Points  in  the  Specfram. 

to  the  intersection  of  the  green  and  red  sensation  curves.  The 
transition  point  at  X"420yU.  is  shown  by  the  curves  to  Ije 
practically  outside  the  influence  of  the  red  and  oreen  sen-, 
sations,  and  hence  may  be  regarded  as  a  region  of  a  single 
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Sensation  Curves.     (Konig  and  Dieterici.) 
(From  Parsons's  '  Colour  Vision,'  p.  222.) 
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])uro-colour  sensation.  Similarly,  the  spectral  region  from 
the  transition  })oint  X. -(IGO /l.,  to  the  end  of  the  spectrum  is 
pure  red  free  from  the  influence  of  the  other  two  sensations. 
The  sensation  curves  of  Konig  and  Dieterici,  fig.  24,  show 
some  differences.  The  ends  of  the  green  sensation  curve 
are  the  transition  points  X'GGO/x  and  X  "420/4,  while  the 
transition  point  X,  "470/11  is  still  the  more  refrangible  end  of 
the  .sensation  curve  for  red.     The  transition   point   \*570/t 
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'  •    ^ 
marks  ono  ontl  of  tl.  curvf  for  violet.     It  will   l»e 

noticed  that  the  regions  hetween  the  transition  point-  X  (itJO/i 

and  \ '420/1  and  the  re'spoctivo  ends  of  th«  spectruni  an*, 

as  hefore,  charactori/od   hy  pnrity  and  simplicity  of  colour- 

SHiisation.     The   transition   point  at  X'.07U/i  is  a;:ain  at  the 

intersection  of  tlie  red  and  ;ireen  sensation  curves,  that  is, 

where  the  two  sensations  haianc-e  the  intinenceof  onoh  otl'  :. 

without    sufficient    of    the    third    sensation   to    make    it--  ii 

perceptible.     In   hoth   ti^^ures  one  can  sec  reasons  why  ih'3 

re;;ions  hetween  X  '420/1  and  X  •470 /t,  and  between   X  "iTOp. 

and  X'tJtJO/z,  should  ho  characterized  hy  compoinid  sensations. 

Hut  it  isdillicult  to  understand  why  the  exceedin<:Iy  complex 

ref^ion   hetween   X '470 /t  andX'.'j70/i   should  exhibit,   xm  it 

does,  persistency  curves  with  only  one  elevation  in  the  ;:reen. 

The  occurrence  of  the  four  transition  j)oints  at  the  boun- 
daries of  the  sensation  curves  cannot  be  in  any  sense  accident;d, 
and  is  certaiidv  not  intentional,  since  the  transition  points 
were  discovered  hMiir  before  any  examination  of  the  si'n>ation 
curves  was  made  in  this  connexion. 

The  cumulative  effect  of  all  the  experimental  evidence 
presented  in  this  pa|ter  seems  to  warrant  most  stron;ily  the 
com-lusions  already  expressed,  that  there  are  but  three  colour 
sensations,  which  correspojid  to  n-d,  ^re<»n,  and  violet,  and 
that  these  sensations  are  jirimarily  excited  by  hues  which  lie 
between  the  limits  set  by  the  four  transition  points. 
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Persistence  of    X'isjoii    aiul    ilu-    Priniarv 
Cajltjr   Sciisalioiis 

Frank  AlUn,  Ph.D.,  F.R.S.C. 

U^  I  I  I  i  the  exception  of  astronomy  perhaps  no  branch 
of  science  extends  so  far  back  in  history  as  the  study 
o\  color  vision.  I'he  reason  for  this  is  obvious.  Color  in 
nature  is  displayed  on  so  magnificent  a  scale  that  minds  at 
all  observant  could  not  fail  to  be  impressed.  The  records 
of  Babylon  and  of  Kgypt  do  not  give  much  information  of 
a  scientific  nature,  due  perhaps  to  their  custom  of  jcalouslv 
confining  such  knowleiige  to  the  guilds  of  priests.  Hut  the 
Greek  philosophers,  from  Pythagoras  onward,  with  their 
marvelous  aptitude  for  speculative  inquirv,  manifested  the 
most  extraordinary  ingenuity  in  devising  explanations 
regarding  the  origin  of  color  and  the  nature  of  its  perception. 
Pythagoras  entertained  a  corpuscular  theory  of  light. 
Empedocles  and  Plato  imagined  vision  to  be  a  species  of  the 
sensation  of  touch  excited  by  invisible  feelers  havinu  their 
origin  in  the  eye;  Kpicurus  believed  that  we  see  bv  the 
intervention  of  light  as  we  feel  an  object  bv  means  of  a  stick; 
.Aristotle  urged  that  color  is  due  to  the  mixture  of  darknes> 
and  white  light;  or,  in  modern  terms,  that  the  mixture  of 
something  with  nothing  in  varying  proportions  gives  an 
infinite  variety  of  something  else.  This  hv|X)thesis  of  .Aris- 
totle was  enthusiastically  adopted  by  the  German  poet 
Goethe  and  advocated  bv  him  with  an  accompaniment  of 
highly  vitujterative  abuse  directed  against  the  illustrious 
Newton  and  his  thet)rv  of  colors 

Despite  manifold  attempts  to  explore  the  fascinating  field 
of  color,  the  subject  lay  wrapped  in  mystery  until  Newton 
with  his  prism  dispersed  white  light  into  its  color  compo- 
nents, and  enunciated  the  simple  but  sufficient  principle 
that  "to  the  same  degree  of  refrangibility  ever  belongs  the 
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same  color,  and  to  the  same  color  ever  belongs  the  same 
degree  of  refrangibility."  The  uniform  failure  of  all  attempts 
to  explain  colors  before  Newton's  success  lay  in  the  univer- 
sal assumption  that  white  light  was  a  pure  entity  in  itself. 
Once  the  fact  was  recognized  that  white  light  is  a  mixture 
of  colors,  progress  became  rapid  and  certain. 

We  do  not  need  to  discuss  here  the  history  of  Newton's 
corpuscular  theory  of  light  and  its  triumphant  rival,  the 
undulatory  theory  of  Huygens.  But  it  will  not  be  out  of 
harmony  with  the  title  of  this  paper  to  note  a  peculiar  use 
which  was  made  of  the  persistence  of  vision.  One  objection 
urged  against  the  idea  that  light  consisted  of  streams  of 
swiftly  moving  corpuscles  was  that  myriads  of  collisions 
would  occur  especially  when  two  streams  of  light  crossed 
each  other's  path.  But  one  ingenious  writer  pointed  out 
that  if  each  "lucid  point"  on  the  sun  emitted  only  one  hun- 
dred and  fifty  corpuscles  per  second,  they  would  still  give 
a  continuous  impression  of  light,  owing  to  the  persistence 
of  vision  in  the  retina,  and  at  the  same  time  the  particles 
of  light  would  be  over  one  thousand  miles  apart.  Surely 
by  this  happy  supposition  the  chances  of  collision  were 
reduced  sufficiently  to  satisfy  the  most  exacting  criticism. 

It  is  doubtful  if  any  subject  in  science  has  been  the  cause 
of  so  many  speculations  and  theories.  Nor  are  the  contro- 
versies by  any  means  settled  today.  Scarcely  a  year  passes 
without  a  new  theory  of  color  vision  being  advanced  by 
some  ambitious  scientist  whether  he  be  a  physicist,  psycholo- 
gist or  physiologist.  In  many  cases  the  paper  announcing 
the  birth  of  the  new  theory  constitutes  also  its  obituary 
notice.  The  sciences  of  physics  and  chemistry,  of  physiology 
and  psychology,  have  been  diligently  searched  for  principles, 
one  seemingly  more  inapplicable  than  another  in  order  to 
account  for  the  transformation  of  the  energy  of  the  ethereal 
waves  into  the  diversified  hues  of  color. 

To  the  general  problem  of  vision  was  added  the  interest- 
ing and  important  fact  that  it  was  necessary  to  assume  only 
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a  limited  number  of  color  sensations  to  provide  for  the  per- 
ception ot  an  unlimited  number  ot  hues  and  tints  of  color, 
it  is  largely  conHicting  views  as  to  the  number  and  nature 
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of  these  primary  color  processes  that  cause  the  battlefield 
of  color  vision  to  be  so  littered  with  the  remains  of  the  dia- 
lectically  slain. 

That  this  is  no  mere  figure  of  speech  may  be  seen  from 
the  preceding  genealogical  tree  of  color  vision  which  I  pub- 
lished in  the  Physical  Review.  This  also  has  the  advantage 
of  exhibiting  the  main  line  of  development  from  Newton, 
and  the  subsidiary  line  due  to  Hering  together  with  the 
positions  of  theories  of  secondary  importance.  Some  guid- 
ing principle  such  as  this  diagram  affords  will  enable  the 
reader  of  the  voluminous  literature  of  color  vision  to  trace 
his  steps  without  confusion. 

The  main  controversy  today  is  between  the  theory  of 
Hering  and  that  of  Young  modified  by  Maxwell,  Helmholtz 
and  others,    x^s  is  well  known  the  latter  and  far  older  theory, 
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adopted  generally  by  physicists,  provides  for  three  color 
sensations,  red,  green,  and  either  blue  or  violet;  while  the 
theory  ot  Hering  adopted  largely  by  psychologists  provides 
three  antagonistic  pairs  ot  color  sensations,  red-green, 
yellow-blue,  and  white-black.  To  admit  blackness  to  the 
rank  of  sensations  seems  to  the  physicist  an  impossibility  in 
view  of  the  fact  that  darkness  is  the  absence  of  bght  energy. 
Still  so  long  as  crucial  experiments  to  determine  the  number 
of  primary  sensations  are  lacking  no  end  to  the  controversy 
is  apparent.  I  am  convinced  however  that  the  experiments 
on  the  persistence  of  vision  which  I  have  conducted  tor  some 
years  speak  on  this  point  with  the  utmost  decision. 

As  the  different  colors  ot  the  spectrum  are  designated  in 
this  paper  by  their  wave-lengths,  it  will  be  usetul  to  remem- 
ber that  the  limiting  wave-lengths  according  to  Listing  are: 

Tabic  ot  Colors  and  \Va\c-lcngrhs 
.723^  to  .647^ — Red  •49-"  to  .455;-— Blue 

.647M  to  .585^ — Orange        .4;;^  to  .424^ — Indigo 
.585M  to  .575>i — Yellow         •4-4>'  to  .397*« — \'iolet 
.575^  to  .492^ — Green 

rhe  apparatus  used  in  all  my  researches  in  color  vision 
was  arranged  according  to  the  diagram   in   Pig.    i.     I-ight 

A  n  C  D 


3t\^ 


Figure  I.     F.nscmWc  of  Appar.itus. 
./.  flame:  B,  lens;  C,  disc  and  D,  syccttometcT. 
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from  an  acetylene  flame  passed  through  a  disk  with  two 
opposite  open  sectors  of  ninety  degrees  each,  whose  speed 
of  rotation  was  recorded  electrically  upon  a  chronograph 
reading  to  the  ten-thousandth  part  of  a  second.  The  flicker- 
ing light  entered  a  spectrometer  and  was  viewed  as  a  spec- 
trum in  an  eyepiece  with  adjustable  shutters  which  enabled 
all  the  spectrum  to  be  cut  off  except  a  narrow  vertical  band 
of  the  desired  wave-length.  In  making  measurements  the 
speed  of  the  disk  was  regulated  so  that  the  flickering  of  the 
light  in  the  eyepiece  became  just  imperceptible  and  was 
then  recorded.  One  quarter  of  the  time  for  one  complete 
rotation  of  the  disk  is  therefore  the  measure  of  the  persist- 
ence of  the  vision,  or  the  duration  of  the  undiminished  intensi- 
ty of  light  upon  the  retina.  By  many  writers  this  is  called  the 
critical  frequency  of  flicker. 

When  it  became  necessary  to  fatigue  the  eye  by  exposing 
it  to  some  bright  spectral  color  of  known  wave-length,  a 
second  spectrometer  was  used  with  an  arc  light  as  the  source 
of  color.  An  eyepiece  with  adjustable  shutters  isolated  a 
suitable  band  of  the  spectrum  which  was  used  to  fatigue  the 
eye  with  which  observations  of  the  persistence  of  vision  were 
made.  An  interval  of  three  minutes  was  allowed  for  the  fati- 
guing process  before  each  measurement  of  the  persistence 
of  vision  was  taken  upon  the  colors  in  the  first  spectrometer. 
In  this  way  a  persistency  curve  for  the  whole  spectrum  was 
obtained  which  can  be  compared  with  a  normal  curve  pre- 
viously determined  when  the  eye  was  adapted  for  diffused 
daylight. 

The  first  question  that  arises  is:  Are  we  justified  in  assum- 
ing the  retina  to  be  normal  when  in  diffused  daylight?  It 
was  formerly  thought  that  the  normal  retina  was  obtained 
only  after  resting  it  in  complete  darkness.  Experiments 
made  under  various  conditions  of  adaptation  have  alto- 
gether changed  this  idea. 

The  writer  has  made  a  series  of  persistency  curves  by 
resting  the  eye,  (a)  in  a  dimly  lightly  "dark-room;"     (b) 
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Figure  2.    Persistency  Curves  thrGugh  Resting  the  Kyc. 
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in  total  darkness;  (c)  by  being  blindfolded;  (d)  in  diffused 
daylight.  These  curves  are  shown  in  Fig.  2.  In  the  first 
three  cases  the  values  of  the  duration  of  color  impressions 
are  greater  than  for  daylight  adaptation,  the  greatest  differ- 
ence being  obtained  when  the  eye  was  rested  in  partial  dark- 
ness. This  is  probably  due  to  the  fatiguing  of  the  retina  by 
the  effort  to  distinguish  dimly  illuminated  objects.  If  we 
compare  this  figure  with  those  obtained  later  when  the  eye 
was  fatigued  with  different  colors  it  will  be  noticed  that  the 
abnormal  curves  are  always  elevated  above  the  normal. 
Whether,  then,  the  retina  is  under  the  influence  of  direct 
rays  of  light  or  of  darkness  it  is  in  an  abnormal  condition. 

By  comparing  the  amount  of  elevation  of  the  three  curves 
in  this  figure  it  is  found  that  the  values  of  the  persistency 
increase  from  three  per  cent  in  the  orange  to  twelve  per  cent 
in  the  extreme  red  and  to  thirty  per  cent  in  the  extreme 
violet.  Therefore  the  change  in  the  sensitiveness  for  light 
which  is  produced  in  a  retina  placed  in  the  dark  is  not  equal 
for  rays  of  different  refrangibility. 

The  adaptation  of  the  retina  in  the  darkness  is  not  sudden 
but  progressive.  Some  experiments  were  made  to  determine 
this.  The  time  of  the  persistence  of  vision  for  the  normal 
retina  was  measured  for  the  four  colors  .650^,  .567M,  .505M, 
and  .463/1.  Then  the  eye  was  blindfolded  for  intervals  of 
one,  three,  five,  ten  and  fifteen  minutes,  and  corresponding 
persistency  measurements  were  made  after  each.  A  series 
of  curves  of  the  "saturation"  type  was  obtained  which  are 
shown  in  Fig.  3.  As  far  as  the  persistence  of  vision  is  con- 
cerned the  saturation  point  is  reached  in  five  minutes.  The 
delicacy  of  this  system  of  measuring  is  well  shown  in  the 
curve  for  the  wave  length  0.567M  where  the  whole  curve  is 
confined  within  the  limits  of  one  one-thousandth  of  a  second. 

A  series  of  nine  persistency  curves  was  made  for  spectra 
of  varying  degrees  of  luminosity  or  brightness.  These  are 
shown  in  Fig.  4,  the  curve  for  the  brightest  spectrum  being 
the  lowest.     These  curves  are  all  of  the  same  type,  but  it 

10 
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Figure  3.    A  Series  of  Curves  of  the  "Saturarion"  Type. 

will  be  noticed  that  the  lowest  point  shifts  gradually  but 
slightly  towards  thevioletas  thespectrumgets  less  intense.  As 
the  lowest  point  ot  the  curve  corresponds  to  the  brightest  part 
of  the  spectrum,  we  have  here  an  illustration  of  the  Purkinje 
eftect,  viz:  that  the  brightest  pointot  thespectrum  isnot  fixed 
but  varies  in  position  with  the  brightness,  changing  from  yel- 
low to  the  green  as  thespectrum  becomes  lowered  in  intensity. 
There  is  a  law  discovered  independently  by  two  scientists, 
Ferry  and  Porter,  which  connects  the  time  of  persistence  of 
vision  with  the  luminosity  of  the  light, 

I 
1'  =  


k  log  L 
where  V  is  the  time,  L,  the  luminosity  and  k,  a  constant. 

By  applying  this  law  to  the  persistency  curves  in  Kig.  4,  we 
can  get  a  corresponding  set  of  luminosity  curves  for  the  same 
series  ol  spectra  we  have  just  been  considering.     These  are 
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shown  in  Fig.  5.  The  order  of  curves  is  now  reversed  and 
the  luminosity  curve  for  the  brightest  spectrum  is  now  the 
highest,  and  that  for  the  dimmest  spectrum  the  lowest.  It 
will  be  noticed  how  remarkable  is  the  magnitude  of  the  lower- 
ing in  brightness  at  the  middle  of  the  spectrum  compared 
with  the  two  ends.  It  would  also  seem  likely  that  before  the 
spectrum  entirely  disappears  the  luminosity  curve  would  be- 
come a  straight  horizontal  line. 
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Figure  4.    Persistency  Curves  for  Spectra  of  Varying 
Degrees  of  Luminosity. 
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Figure  5.    Luminosity  Curves. 

It,  now,  for  aiiv  one  wave-length  we  take  the  reciprocals 
of  the  corresponding  values  of  the  persistence  ot  vision 
for  each  of  the  nine  curves  in  Fig.  4.  they  will,  when  plotted, 
give  a  series  of  curves  as  shown  in  Fig.  6.  1  hese  curves 
conform  to  the  equation 

I    =   k'logl. 

Each  of  these  curves  consists  of  two  straight  lines  ot  different 
slope,  the  change  in  direction  occurring  very  abruptly.  The 
slope  of  the  lower  parts  of  the  curves  varies  in  an  extraordin- 
ary manner,  that  tor  the  wave-length  0.430^  being  quite 
horizontal. 
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Figure  6.   The  Relationship  between  the  Reciprocal  of  the  Persistence  of 
Vision  Values  and  the  Luminosity. 

The  explanation  of  this  curious  phenomenon  is  afforded 
by  the  duphcity  theory  of  Von  Kries,  according  to  which 
the  retinal  cones  are  the  parts  that  function  in  the  percep- 
tion of  very  bright  light  and  colors,  while  the  rods  perform 
similar  functions  for  dim  light.  The  upper  part  of  each 
curve  therefore  is  for  cone  vision  and  the  lower  is  for  rod 
vision.  The  change  in  direction  of  the  curve  shows  that  the 
change  from  one  type  of  vision  to  the  other  takes  place  very 
abruptly.  From  the  fact  that  the.  lower  part  of  the  curve 
for  the  wave-length  0.43O/X  is  horizontal  it  would  appear 
that  below  a  certain  intensity  a  change  in  luminosity  does 
not  affect  the  persistence  of  vision  to  any  extent. 
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Figure  7.    The  Purkinjc  Phenomenon. 


Figure  8.    Curve  for  the  Peripheral  and  Central 
Persistence  of  Vision. 
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The  Purkinje  phenomenon  can  also  be  shown  in  a  very 
effective  manner  by  the  curves  in  Fig.  7.  These  are  obtained 
by  plotting  the  values  of  the  luminosity  of  red  of  wave-length 
.66^n  on  the  horizontal  scale  as  the  standard  of  reference, 
and  the  corresponding  luminosities  of  the  colors  .520M,  .460^, 
and  .430^,  on  the  vertical  scale.  If,  for  example,  the  lumi- 
nosity of  green,  .520^,  increased  exactly  as  that  for  red, 
.66^^,  the  result  ought  to  give  a  straight  line.  This  is  so, 
as  the  upper  part  of  the  curve  indicates,  for  the  greater 
luminosities;  but  for  the  smaller  the  curve  is  no  longer 
straight  but  curved  as  shown  by  comparing  the  continuous 
and  dotted  curves  in  the  figure.  The  same  reasoning  applies 
to  the  other  two  colors. 

These  results,  as  well  as  the  bulk  of  the  measurements 
described  in  this  paper,  were  obtained  for  the  center  of  the 
retina.  The  peripheral  portions  of  the  retina,  however, 
have  their  own  peculiar  and  distinctive  visual  properties. 
The  writer  has  obtained  two  curves  which  show  some  dif- 
ferences between  the  center  and  periphery  of  the  retina  as 
regards  persistence  of  vision.  The  measurements  were 
made  by  inclining  the  eye  so  that  the  flickering  light  fell, 
first,  ten  degrees,  second,  twenty  degrees,  from  the  center 
of  the  retina  on  the  temporal  side.  The  curves  are  shown 
in  Fig.  8,  in  comparison  with  a  normal  curve  for  the  center 
of  the  eye.  Both  curves,  Nos.  2  and  3,  are  below  the  normal 
indicating  greater  sensitiveness  of  the  retinal  periphery  as 
regards  the  flickerng  light  of  all  colors.  Since  the  lowest 
point  of  the  curve  corresponds  to  the  brightest  point  of  the 
spectrum  we  see  that,  to  the  peripheral  retina,  the  brightest 
light  is  not  the  yellow  but  the  green. 

It  will  be  noticed  that  each  peripheral  curve  has  an  eleva- 
tion in  the  greenish-yellow  part  of  the  spectrum.  The 
significance  of  this  may  be  thus  explained.  In  direct  vision 
the  light  rays  fall  upon  the  macula  lutea,  or  yellow  spot, 
where  the  greatest  distinctness  of  vision  occurs.    This  spot, 
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Figure    9.     Persistence    of   Vision    after 

Fatiguing   the   Kye   with   Various 

Colored  Lights. 

however,  is  small,  and  would  not  be  touched  by  light  falling 
on  the  outer  regions.  The  macula  lutea  contains  a  yellow 
pigment,  but  no  visual  purple,  while  the  retina  in  other  parts 
has  only  this  latter  substance,     ^'isual  purple  absorbs  and  is 
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Figure  lo.    Retina  Fatigued  with 
Pure  Red  Light. 

bleached  by  light  of  all  colors  but  in  amounts  varying  with 
the  wave-length,  the  absorption  being  very  slight  in  the  red 
and  greatest  in  the  yellowish-green,  which  has  also  the  most 
rapid  bleaching  effect.  The  region  of  the  spectrum,  there- 
fore, which  is  most  absorbed  by  the  visual  purple  coincides 
with  the  elevations.  This  shows  that  some  of  the  light  fal- 
ling on  the  retinal  periphery  is  absorbed  by  the  visual  purple 
and  is  of  no  service  in  causing  vision. 

We  have  already  seen  that  the  darkness  adaptation  of  the 
retina  is  progressive  in  character.  Similar  studies  were  also 
made  for  the  development  of  retinal  fatigue  when  the  eye 
was  exposed  to  various  colored  lights  obtained  from  the 
spectrum  of  an  arc  light.     Measurements  of  the  persistence 
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of  vision  were  made  after  fatiguing  intervals  of  one,  two, 
three,  five  and  ten  minutes.  The  results  are  shown  in  Fig. 9  for 
eleven  different  colors  which  are  indicated  on  the  curves.  The 
maximum  degree  of' fatigue  is  obtained  in  three  minutes.  This 
is  two  minutes  less  than  the  time  required  for  darkness 
adaptation. 

The  normal   value  for  each  of  these  curves  is  the  point 
where'it' curs  the  vertical  axis  of  the  diagram   for  zero  (o) 
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Figure  1 1.    Retina  Fatigued  with  Orange  Light. 
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minutes.  The  interval  between  the  lowest  and  highest 
values  of  the  curves  varies  greatly,  and  in  the  case  of  blue, 
,472m.  and  yellow,  .575^,  it  becomes  zero  so  that  these  two 
curves  are  straight  horizontal  lines.  This  result  indicates 
that,  as  far  as  the  measurement  of  the  persistence  of  vision 
is  concerned,  these  two  colors  do  not  cause  retinal  fatigue. 
The  significance  of  this  curious  phenomenon  was  not  realized 
until  the  writer  discovered  the  transition  points  in  the  spec- 
trum which  are  now  to  be  discussed. 

A  long  series  of  persistency  curves  was  made  under  the 
following  conditions.  A  certain  color  in  an  arc  light  spec- 
trum was  isolated  in  a  spectrometer  as  described  above  and 
the  eye  kept  constantly  fatigued  by  it.  Then  with  the  retina 
in  this  condition  persistency  measurements  were  made  at 
intervals  throughout  a  second  spectrum.  These  values  of 
the  persistency  were  then  plotted  in  comparison  with  a 
persistency  curve  made  on  the  same  spectrum  with  the  eye 
in  a  normal  condition.  The  places  of  coincidence  of  the  two 
curves  with,  and  departure  from,  one  another  give  important 
evidence  concerning  the  nature  of  the  processes  involved 
in  the  vision  of  colors. 

The  writer  has  obtained  seventeen  sets  of  these  curves 
for  the  same  number  of  different  fatiguing  portions  of  the 
spectrum  from  red  to  violet.  By  comparing  these  it  is 
proved  that  the  number  of  fundamental  color  sensations  is 
three,  viz:  red,  green,  and  violet,  and  the  limits  of  wave- 
length between  which  these  sensations  lie  are  also  accurately 
determined. 

When  the  eye  is  fatigued  with  a  pure  red  of  wave-length, 
.68om,  a  persistency  curve  is  obtained  which  is  shown  by  the 
continuous  line  in  Fig.  10,  the  dotted  curve  being  always  that 
for  the  eye  when  in  its  normal  conditions.  The  figure  shows 
that  the  two  curves  coincide  from  the  violet  end  of  the  spec- 
trum to  the  wave-length  .6o/i,  which  is  in  the  middle  of  the 
orange  color,  and  then  they  diverge  to  the  end  of  the  red. 
In  other  words,  fatiguing  the  retina  with  a  narrow  band  of 
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pure  spectral  red,  the  center  ot  which  has  a  wave-length  of 
.680p,  affects  only  that  process  in  the  eye  which  causes  the 
sensation  of  red  and  orange,  and  has  no  measurable  effect 
on  the  green  and  violet  processes.  Precisely  the  same  effect 
was  obtained  when  the  fatiguing  color  was  .670M,  which  is 
also  a  pure  red.  As  thecurves  tor  these  two  tatiguingcolorsare 
of  the  same  character,  only  one  of  them  is  reproduced  here. 

When  the  fatiguing  color  was  .651^,  in  the  orange,  which 
all  color  theorists  agree  is  a  compound  sensation,  the  charac- 
ter of  the  curve  experiences  a  radical  change.  This  is  shown 
in  Fig.  II.  Comparison  of  the  two  curves  in  this  figure 
exhibits  the  same  elevation  in  the  red  as  in  Fig.  10,  and  also 
shows  an  additional  elevation  in  the  part  of  the  curve  cor- 
responding to  the  green  region  of  the  spectrum.  Therefore 
when  the  retina  is  acted  upon  by  a  pure  orange  color,  the  red 
and  the  green  perception  processes  are  both  fatigued,  but 
the  visual  mechanism  for  the  violet  sensation  is  not  disturbed. 
Persistency  curves  were  taken  also  when  the  fatiguing  colors 
were  .625,1,  .620^,  .589^,  and  .■^77**.,  all  of  which  lie  in  the 
orange  and  yellow  regions  of  the  spectrum.  In  these  four 
cases  the  curves  obtained  are  similar  to  that  shown  in  Fig   1 1. 

Since  for  the  red  colors  curves  with  one  elevation  were 
obtained,  and  also  since  for  orange  and  yellow  colors  curves 
with  two  elevations  resulted,  there  ought  to  be  a  fatiguing 
color  which  would  mark  the  transition  from  one  type  to  the 
other.  Such  a  point  was  found  to  exist  at  the  color  whose 
wave-length  is  .660^,  which  mav  be  called  the  first  transition 
point  in  the  spectrum.  It  was  discovered  that  four  such 
transition  points  exist  in  the  spectrum,  the  exact  number 
there  should  be  according  to  the  three-color  theory  of  chro- 
matic vision. 

The  curve  obtained  for  the  transition  color,  .66om,  is  shown 
in  Fig.  12  and  is  found  to  have  no  elevations  at  all,  but  to  be 
coincident  with  the  normal  curve  throughout  its  length. 
We  are  justified  in  inferring  from  these  curves  that  the  colors 
of  longer   wave-length    than    that   of  the   transition   point, 
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viz:  .66om,  give  rise  to  the  sensation  of  pure  red,  and  that 
they  do  not  measurably  affect  the  primary  processess  for 
green  and  violet  colors.  The  fundamental  red  sensation 
must  therefore  lie  between  the  red  end  of  the  spectrum  and 
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Figure  i2.    Retina  Fatigued  with  a  Transition  Color. 
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the  first  transition  point  .660^.  Up  to  the  present  time  the 
writer  has  found  no  wav  to  determine  the  wave-length  of 
the  fundamental  red  color  with  any  greater  precision  than 
this. 

Another  problem  in  color  vision  may  be  resolved  from 
these  curves.  The  cause  ot  the  sharp  division  ot  color- 
theorists  into  rival  camps  is  largely  the  question  as  to 
whether  yellow  is  a  simple  or  a  compound  sensation.  In 
puritv    of    appearance    it    apparcnrlv    demands    recognition 
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• 

as  a  primary  sensation  as  much  as  red  or  green.  The 
curves  for  the  colors  .65 Im,  .625^.  .620m,  .589*.  and  .577**,  all 
of  which  lie  in  the  orange  and  yellow  regions,  are  of  precisely 
the  same  character  as  that  shown  in  Fig.  11.  Since  the  yellow 
fatiguing  colors  affect  the  red  and  green  sensations  in  the 
same  manner  and  to  the  same  degree  as  do  the  orange  colors, 
they  must  be  of  the  same  fundamental  nature.  That  is, 
yellow  must  be  a  compound  sensation.  Surely  experiments 
like  these,  which  any  one  may  perform  for  himself,  are  more 
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Figure  I4.    Retina  Fatigued  with  a  Transition  Color. 
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Figure  15.    Retina  Fatigued  with  a  Deep-blue  Color. 


to  be  relied  upon  in  determining  the  nature  of  the  sensation 
of  yellow  than  dogmatic  assertions  based  on  its  mere  appear- 
ance. 

When  the  green  colors  .560^,  .540^  and  .C^o^,  were  used 
to  fatigue  the  retina  persistency  curves  of  the  same  tvpe 
were  obtained  exhibiting  one  elevation  in  the  part  correspond- 
ing to  green,  the  two  ends  of  the  spectrum  coinciding  with 
the  normal.  This  is  clearly  shown  in  that  obtained  for  the 
wave-length  .540^  which  is  exhibited  in  Fig.  ij;.  When  we 
compare  the  double  elevation  curves  of  the  tvpe  of  Fig.  il 
with  those  of  the  single  elevation  curves  of  Fig.  13,  it  is 
evident  that  a  second  transition  point  must  lie  between  the 
wave-lengths  .577^  and  .560^,  since  the  former  of  these  has 
two  elevations  and  the  latter  one.     This  second  transition 
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Figure  1 6.    Retina  Fatigued  with  Wave  Length  0.480^ 


point  was  found  at  the  wave-length  .570M.  When  this  was 
used  as  a  fatiguing  color  the  curve  shown  in  Fig.  I4  was 
obtained  in  which  there  are  no  elevations  but  coincides  with 
the  normal  throughout  its  length  in  exactly  the  same  manner 
as  that  for  the  first  transition  point  shown  in  Fig.  12. 

When  the  retina  is  fatigued  with  the  deep  blue  or  indigo 
color  of  wave-length  .44OM  a  persistency  curve  was  obtained 
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showing  two  elevations,  one  in  the  green  and  the  other  in 
the  violet.  These  may  be  seen  by  inspecting  the  curves  in 
Kig.  15,  It  will  also  be  noticed  that  the  p>art  of  the  curve 
corresponding  to  red  and  orange  is  not  affected  in  the  least 
degree.  If  we  again  compare  the  single  elevation  type  of 
curve  of  Fig.  ij  with  the  double  elevation  type  of  Fig.  15, 
it  is  at  once  clear  that  a  third  transition  |X)int  must  lie  be- 
tween the  wave-lengths  .520^  and  .440^.  Two  intermediate 
hues  were  successively  used  as  fatiguing  colors,  viz:  .480* 
and  .460M.  Both  curves  obtained  are  reproduced  in  Fig.  16 
and  Fig.  17,  respectively.  It  will  be  seen  on  inspection  that 
both  curves  have  no  elevations  in  either  the  green  or  the 
violet  regions.  However,  the  curve  in  Fig.  16,  for  the  color 
.480,.,  does  show  at  "  b  "  a  slight  vestige  ot  the  green  elevation 
which  is  not  at  all  apparent  in  Fig.  17.  We  may  conclude, 
therefore,  that  the  spectral  region  bounded  by  the  wave- 
lengths .470^  and  .460^  is  the  transition  point  sought  tor  and 
I  have  accordingly  designated  the  wave-length  .4^0^  as  the 
third  transition    point. 

When  the  retina  was  fatigued  with  the  violet  of  wave- 
length .400;i  a  persistencv  curve  was  obtained  with  but  one 
elevation  in  the  violet,  the  rest  of  the  curve  coinciding  with 
the  normal.  This  is  shown  in  Fig.  18.  .Again,  comparing 
this  single  elevation  curvx  with  Fig.  i;,  which  is  a  curve  of 
the  double  elevation  type,  it  is  clear  that  a  fourth  transition 
point  must  lie  between  them.  This  was  found  to  be  at  the 
wave-length  .420^,  which  when  used  as  the  fatiguing  color 
gave  the  persistency  curve  shown  in  Fig.  19.  This  shows  no 
elevations  in  any  part,  but  coincides  with  the  normal 
throughout  its  length. 

We  can  represent  these  curves  in  a  different  way  so  as  to 
show  them  all  in  one  figure.  There  is  evidence  to  prove 
that  the  persistence  of  vision,  or  the  duration  of  visual  im- 
pressions on  the  retina,  is  dependent  only  on  the  luminosity 
or  brightness  of  the  color,  except  for  very  low  intensities. 
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Figure  17.    Retina  Fatigued  with  Wave-Length  0.460/1. 

If,  therefore,  the  brightness  of  all  parts  of  the  spectrum  were 
uniform,  the  persistency  curve  would  be  a  straight  hori- 
zontal line  instead  of  the  now  familiar  parabolic  form.  Re- 
ducing, then,  the  normal  curve  to  such  a  horizontal  straight 
line,  and  the  fatigue  curve  in  the  same  proportion,  the  rela- 
tion of  the  two  curves  will  be  shown  perhaps  more  clearly, 
especially  in  regard  to  the  characteristic  elevations.     This 
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has  been  done  for  the  nineteen  sets  of  curves  which  I  have 
just  described  and  they  are  all  shown  in  a  single  figure,  viz: 
Fig.  20.  The  wa\c-lengths  of  the  fatiguing  colors  are  indi- 
cated by  the  niinib.rv;  on  th^  right  of  the  diagram  and  are 
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Figure  19.    Retina  Fatigued  with  a  Transition  Color  0.420^. 


also  marked  by  the  short  vertical  lines  above  the  curves. 
The  nature  and  significance  of  the  double  and  single  eleva- 
tions, and  their  relation  to  the  transition  points  or  colors, 
which  are  marked  T.  P.,  may  readily  be  seen.  It  will  be 
noticed  in  particular  that  the  elevations  in  all  the  curves 
occur  in  the  parts  corresponding  to  the  red,  green  and  violet 
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Figure  20.    Relationship  between  the  Normal  Persistency  Curve 
and  the  !""atigue  Curve. 
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colors.  This  fact  is  strong  evidence  of  the  existence  of  three, 
and  only  three,  primary  sensations  corresponding  to  those 
colors. 

The  process  of  compression  may  be  carried  one  step 
further.  By  taking  the  mean  values  of  all  the  elevations  we 
may  construct  a  single  composite  curve  which  is  shown  on 
an  enlarged  scale  in  Fig.  21.  The  four  transition  points  are 
indicated  by  short  vertical  lines,  and  fall  symmetrically  on 
either  side  of  the  two  minima  of  the  curve.  More  conclusive 
evidence  of  the  reality  of  the  three  fundamental  color  sensa- 
tions, red,  green  and  violet,  could  scarcely  be  desired  than 
is  afforded  by  the  three  elevations  to  this  curve. 


■AOfX 


45 


50 


■55  60 

Wave  Length 

Figure  21.    Illustrating  Positions  of  Transition  Points. 


70 


The  general  results  of  these  experiments  may  be  repre- 
sented diagrammatically  in  Fig.  22.  In  this  diagram  the 
indicated  wave-lengths  mark  the  transition  points  and  divide 
the  spectrum  into  five  parts.  It  is  evident  that  the  funda- 
mental red  sensation  corresponds  to  some  hue  between  the 
beginning  of  the  red  and  the  point  of  transition  at  .660,*. 
Similarly  the  fundamental  green  sensation  is  excited  by 
some  portion  of  the  spectrum  lying  between  the  second  and 
third  transition  points  at  the  wave-lengths  .570^  and  .470^. 
Finally  the  third  fundamental  sensation,  which  must  be 
violet  and  not  blue,  as  many  color-theorists  allege,  lies  be- 
tween the  fourth  point  of  transition  at  .420^  and  the  end  of 
the  violet. 

For  the  purpose  of  comparison,  the  writer  has  brought 
together  the  exact  hues  of  the  primary  colors  according  to 
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several  investigators  whose  experiments  were  conducted 
on  the  basis  of  the  trichromatic  theory.  With  these  are 
included  the  colors  selected  by  Hering  for  his  theory  of  color 
vision,  and  those  determined  tor  the  same  theorv  bv  Baird. 
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<^o^ 
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Figure  22.    Fundamctual  aiul  Comjxjund  Sensations. 

There  is  no  conflict  necessarily  arising  between  mv  own 
fundamental  hues  for  red  and  green  and  those  of  Helmholrz, 
Maxwell,  Konig  and  Exncr;  there  is  divergence  in  the  case 
of  violet.  Hut  if  it  is  at  all  justifiable  for  Helmholtz  and  the 
others  to  dirfcr  in  their  green  hues  bv  nearlv  .06^,  no  excep>- 
tion  need  be  taken  to  my  violet  determination  because  it 
differs  from  the  others  bv  an  equal  amount. 
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Figure  2j.    Normal  Sensation  Curves.     (Abney  and  Watson.) 

In  endeavoring  to  connect  the  transition  points  with  other 
color-phenomena,  I  have  found  specially  suggestive  the  color- 
sensation  curves  of  Abney  and  Watson,  Fig.  23,  and  of 
Konig  and  Dieterici,  Fig.  24.  On  each  of  these  figures  I 
have  indicated  the  transition  points  by  short  vertical  lines 
with  wave-lengths  attached.  The  meaning  of  these  sensa- 
tion curves  is  that  the  sensation  excited  by  any  given  wave- 
length of  the  spectrum  is  really  made  up  of  a  combination 
of  red,  green,  and  blue  or  violet  sensations  in  proportion  to 
the  ordinates  of  the  curves  at  the  given  wave-length. 
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Figure  24.    Sensation  Curves.     (Konig  and  Dieterici.) 
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In  the  curves  of  Abney  and  Watson  the  transition  points 
.660^  and  .470M  are  practically  at  the  ends  of  the  sensation 
curve  for  green;  and  the  other  transition  points  at  .420^ 
and  .570^  are  near  the  ends  ot  the  sensation  curve  for  blue. 
The  transition  point  at  .'^'jo^  is  also  very  close  to  the  inter- 
section of  the  green  and  red  sensation  curves.  The  transi- 
tion point  at  .420^  is  shown  by  the  curves  to  be  practically 
outside  the  inHuence  of  the  red  and  green  sensations,  and 
hence  may  be  regarded  as  a  region  of  a  single  pure  color 
sensation.  Similarly,  the  spectral  region  from  the  transition 
point  .66om  to  the  end  of  the  spectrum  is  pure  red  free  from 
the  influence  of  the  other  two  sensations. 

The  sensation  curves  of  Konig  and  Dieterici,  Fig.  24,  show 
some  differences.  The  ends  of  the  green  sensation  curve 
are  the  transition  points  .660^  and  .420^,  while  the  transition 
point  .470M  is  still  the  more  refrangible  end  of  the  sensation 
curve  for  red.  The  transition  point  .570^  marks  one  end  of 
the  sensation  curve  for  violet.  It  will  be  noticed  that  the 
regions  between  the  transition  points  .660^  and  .420^  and 
the  respective  ends  of  the  spectrum  are,  as  before,  charac- 
terized by  purity  and  simplicity  of  color  sensation.  The 
transition  point  .570M  is  again  at  the  intersection  of  the  red 
and  green  sensation  curves,  that  is,  where  the  two  sensations 
balance  the  influence  of  each  other,  without  sufficient  of  the 
third  sensation  to  make  itself  perceptible.  In  both  figures 
one  can  see  reasons  why  the  regions  between  .420^  and  .470^, 
and  between  .570M  and  .66op  should  be  characterized  by 
compound  sensations.  Hut  it  is  difficult  to  understand  why 
the  exceedingly  complex  region  between  .470^  and  .570^ 
should  exhibit,  as  it  does,  persistency  curves  with  only  one 
elevation  in  the  green. 

The  general  conclusions  regarding  the  color  sensations 
which  we  have  now  reached  are  greatly  strengthened  by 
the  study  ot  natural  color-blindness.  Since  we  have  proved 
the  fundamental  sensations  to  be  red,  green  and  violet,  we 
may  anticipate  the   possible    types  of  color-blindness.      In 
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general  there  may  be:  three  types  in  which  one  sensation 
is  missing;  three  types  in  which  two  sensations  are  missing, 
and  one  type  in  which  three  sensations  are  missing;  that  is, 
there  are  seven  possible  types  of  color-blindness.  We  may 
represent  them  as  follows: 

Red-blindness.  Red-Green-blindness. 

Green-blindness.  Red-Violet-blindness. 

Violet-blindness.  Green- Violet-blindness. 

Red-Green-Violet-blindness. 

Some  years  ago  I  made  a  close  study  of  color-blindness 
and  determined  the  persistency  curves  of  about  twenty-six 
cases.  Among  them  I  found  no  less  than  six  out  of  the  seven 
possible  types,  the  only  type  I  did  not  discover  being  violet- 
blindness.  These  curves  are  all  reproduced  in  Plates  I, 
II  and  III,  and  the  classes  to  which  the  individual  curves 
belong  are  indicated  on  the  curves  in  accordance  with  the 
following  classification. 


Red-Green  blindness — Two  varieties. 


Class  I  Red-blindness. 

Class  II        Green-blindness. 
Class  III 

•      Class  IV  , 

Class  V        Red-Violet  blindness. 
Class  VI       Green-Violet  blindness. 
Class  VII     Red-Green-Violet-blindness;  or  total  color 
blindness. 

Since  Classes  III  and  IV  are  really  two  subdivisions  of  the 
same  general  type,  the  seven  classes  include  only  six  types. 
These  persistency  curves  for  color-blindness  bear  a  remark- 
able resemblance  to  those  which  we  have  studied  for  retinal 
fatigue,  which  is  thus  seen  to  be  analogous  to  artificial  or 
induced  color-blindness. 

As  far  as  we  may  conclude  from  these  cases  the  most  com- 
mon types  of  color-blindness  aie:  red-blindness,  red-green 
blindness  and  red-violet  blindness,  which  together  comprise 
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Figure  25.    Departures  oi  Persistency  Cur>'es  of  Color-blind  Persons 
from  the  Normal  Persistency  Curve. 
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twenty  out  of  the  twenty-six  cases  studied.     Some  of  the 
Other  types  are  evidently  distinctly  rare. 

Typical  examples  of  these  curves  are  shown  also  on  the 
single  diagram  plan  in  Fig.  25,  which  exhibits  the  charac- 
teristic elevations  in  the  clearest  manner.  It  will  be  of 
advantage  to  compare  this  figure  with  the  curves  in  Fig.  20 
which  is  described  above.  These  curves  for  color-blindness 
confirm  in  the  strongest  and  clearest  manner  the  conclusions 
already  reached  from  the  experiments  on  normal  eye  regard- 
ing the  number  and  designation  of  the  fundamental  color 
sensation. 

One  further  problen  in  color  vision  may  be  fittingly  re- 
ferred to  in  concluding  this  paper.    On  one  occasion  I  fatigued 
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Figure  26.    Persistency  Curve  after 
Fatiguing  with  White  Light. 


Figure  27.    Persistency  Curve  of  the 

Eye  Fatigued  with  Complementary 

Colors,  Blue  and  Yellow. 
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Plate  I.    Classes  of  Persistency  Curves  of  Color-blindness. 
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Plate  II.    Classes  of  Persistency  Curves  of  Color-blindness. 
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my  eye  with  white  light  from  an  electric  arc  and  obtained 
the  persistency  curve  shown  in  Fig.  26.  In  this,  the  whole 
fatigue  curve  is  elevated  above  the  normal.  This  it  will  be 
observed  is  exactly  like  the  one  obtained  by  a  totally  color- 
blind person  and  shown  in  Plate  III,  Fig.  9,  Class  VII. 
As  white  light,  indistinguishable  from  ordinary  white,  may 
be  obtained  by  mixing  two  complementary  colored  lights, 
observations  of  the  persistence  of  vision  were  made  after 
fatiguing   the   retina   with   proper   combinations   of  colors. 


Figure  28.    Persistency  Curve  of  the  Eye 

Fatigued  with  Complementary  Colors, 

Red  and  Green. 
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Two  overlapping  spectra  were  formed  in  a  color  mixing 
spectrometer  aiul  the  selected  complementaries  combined 
in  a  shutter  eyepiece.  Ihe  intensities  of  the  two  component 
colors  were  adjusted  so  as  to  give  a  pure  white  light.  The 
first  pair  of  complementaries  used  were  yellow  .577,.  and 
blue  .474M  as  determined  by  \'on  Kries.  The  second  pair 
were  red  .656«  and  green  .492,i  as  determined  by  Helmholtz. 
The  persistency  curve  for  the  former  pair  is  shown  in  Fig.  27 
and  that  for  the  latter  in  Fig.  28. 

On  comparing  the  figures  both  curves  are  seen  to  be 
essentially  the  same  and  also  to  differ  greatly  from  the  white 
fatigue  curve  of  Fig.  26.  Instead  of  the  whole  of  the  com- 
plementary color  curves  being  elevated  above  the  normal, 
the  part  corresponding  to  green  is  actually  depressed  below 
the  normal.  Thev  bear  in  fact  a  close  resemblance  to  the 
curves  obtained  for  the  cases  of  red-violet  blindness  shown 
in  Plate  ill,  Class  V. 

The  effect  on  the  retina  of  white  light  of  the  comparatively 
few  wave-lengths  comprised  in  the  complementary  colors 
must  of  necessity  be  different  from  that  of  the  complex  mix- 
ture of  waves  forming  the  white  light  from  an  electric  arc. 
The  psychological  effect  of  the  two  kinds  of  white  light  is  pre- 
cisely the  same;  yet  measurements  of  the  persistence  of 
vision  are  capable  of  showing  in  a  most  striking  manner  the 
dif^^^erences  in  the  physiological  effects  of  the  two  lights  on 
the  retina. 

This  is  the  extent  to  which  my  researches  on  color  vision 
have  at  present  carried  me.  It  is  evident  that  much  interest- 
ing information  regarding  the  retinal  processes  excited  by 
the  vision  of  colors  is  vet  awaiting  discovery,  and  no  doubr 
this  method  will  be  of  great  service  to  that  end. 

Depirtment  of  Pl>y»ic«, 

L'niver»ity  of  Minitoba, 

Winnipeg,  Cinadi. 
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ON    Ki:i  Ll.X   \  i>l  Al,  SENSATIONS  AND 
COLOR  CONTRAST* 

By  Frank  Allen 
SYNOPSIS 

Section  I.  In  this  section  experiments  arc  described  in  wiiich  spectral  colors  of  known 
wave  IcnRths  arc  allowed  to  fall  on  one  side  of  the  vertical  median  line  of  the  right  retina,  and 
the  rellex  enhancement  of  all  parts  of  the  spectrum  are  measured  for  the  contiguous  area  on 
the  other  side  of  the  retina.  It  is  shown  that  reflex  enhancement  of  the  red,  green,  and  violet 
colors  is  produced,  but  that  the  predominant  enhancement  is  in  the  portions  of  the  spectrum 
complementary  to  the  active  color.    The  six  equilibrium  colors  produce  no  effect. 

When  white  lij;ht  and  darkness  arc  used  instead  of  colors,  enhancement  of  the  whole  spec- 
trum results.  Darkness  on  the  reflex  area  diminishes  the  brightness  of  the  whole  spectrum. 
It  was  found  also  that  the  black  interior  of  the  eyepiece  of  the  observing  spectrometer  had 
an  important  cflect  which  must  be  taken  into  account.  Numerous  cur\cs  arc  plotted  from 
the  measurements  which  show  the  ctTccts  obtained  with  each  color. 

Section  II  contains  the  theoretical  discussion  of  the  results,  and  explanations  arc 
ofTered  for  colored  shadows,  for  simultaneous  color  contrast  under  various  conditions,  for 
luminosity  cont^a^t,  and  for  successive  contrast. 

It  is  shown  that  the  explanation  of  contrast  is  physiological  and  not  psychological, 
though  the  nature  of  the  visual  reflex  renders  necessary  the  operation  of  the  visual  centres  of 
the  brain. 

Certain  deductions  are  made  regarding  the  probable  non<ontrasting  pcx-uliarities  of 
ecjuilibrium  colors. 

I.       I.XPERIMENTAI. 

Simultaneous  contrast  or  spatial  induction  of  colors  has  long  re- 
mained one  of  the  1,'real  outstanding  dilliculties  in  formulating  an 
acceptable  theory  of  color  vision.  Notwithstanding  prolonged  observa- 
tion and  study  it  has  been  found  impossible  to  decide  conclusively 
whether  the  phenomena  have  Uu'ir  origin  in  the  physiological  processes 
of  the  retina  or  in  the  psychok>gical  operations  of  the  visual  centres. 

•Read  at  the  meeting  of  the  Roj-al  Society  of  Canada,  Ottawa,  May,  192.^.  .\Uo  at  the 
meeting  of  the  Optical  Society  of  .Vmerica,  Cleveland,  Oct.,  19iv 
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Color  theorists  consequently  have  adopted  widely  divergent  opinions 
on  the  vexed  question.  Peddie/  in  his  recent  work,  believes  the  three 
component  theory  of  Young  to  be  so  completely  and  securely  estab- 
lished that  it  makes  no  difference  which  explanation  is  correct,  the 
physiological  or  the  psychological,  rather  indifferently  remarking  that 
"the  question  is  merely  one  of  fact."  Greatly  differing  from  this  is 
Hartridge's^  acceptance  of  the  psychological  explanation  coupled  with 
the  further  opinion  that  failure  to  account  for  the  phenomena  of 
contrast  is  no  reproach  to  any  theory  of  color  vision,  inasmuch  as  two 
theories  are  necessary,  one  for  the  purely  retinal  or  peripheral  processes, 
and  a  second  for  the  central  or  psychological.  "We  need  not,  how- 
ever," he  says,  "go  further  into  these  matters  because  it  is  now 
established,  almost  beyond  dispute,  that  while  colour  vision  depends 
on  peripheral  analysis,  i.e.  in  the  retina,  simultaneous  and  succes- 
sive contrast  are  due  to  processes  of  central  origin,  i.e.  in  the  brain. 
It  is  not  therefore  necessary  for  any  hypothesis  which  is  supposed  to 
represent  the  peripheral  processes  to  offer  an  explanation  of  contrast 
as  well." 

By  using  the  expression  "spatial  induction"  for  the  traditional  term 
"simultaneous  contrast,"  Parsons^  appears  to  regard  the  phenomena  as 
physiological  in  their  origin. 

It  can  scarcely  be  doubted,  however,  that  in  establishing  a  correct 
theory  of  color  vision  it  is  of  fundamental  importance  to  prove  beyond 
question  whether  contrast,  both  color  and  luminosity,  is  physiological 
or  psychological  in  its  nature.  For  especially  if  it  is  the  former,  the 
establishment  of  that  fact  is  altogether  likely  to  suggest  additional 
phenomena  which  may  throw  light  upon  the  whole  process  of  color 
vision. 

In  a  recent  communication*  on  'Reflex  Visual  Sensations'  it  was 
shown  by  the  writer,  with  an  abundance  of  experimental  verification, 
that  every  ray  of  light  produced  upon  the  retina  two  general  effects, 
a  direct  and  a  reflex.  The  direct  action  fatigued  either  one  or  two  of 
the  primary  sensations,  red,  green,  and  violet,  according  as  the  color 
stimulus  was  simple  or  compound  in  its  nature;  the  reflex  effect  caused 
the  excitation  of  all  three  sensations  in  such  a  manner  as  to  enhance 
their  luminous  response.     It  was  further  indicated  that  this    reflex 

*  Colour  Vision,  p.  21. 

2  Brit.  Jour.  Ophthal.,  March,  1923. 

*  Colour  Vision,  p.  125. 

*  J.  O.  S.  A.  &  R.  S.  I.,  p.  583,  1923. 
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actinn  was  responsible  for  the  production  of  the  white  light  underlying 
all  sensation  of  color,  and  that  this  light  was  also  to  be  identihed  with 
the  self  light  of  the  retina,  which  is  white,  or  possibly  yelhjwish,  in 
tone.^ 

The  reflex  effect  was  found  to  be  transferred  from  one  eye  to  the 
other;  or,  if  both  were  to  be  regarded  as  transferable,  the  reflex  was 
always  greatly  in  excess  of  the  direct.  In  the  case  of  six  colors  it  was 
also  found  that  the  direct  and  reflex  effects  balanced  or  neutralized  each 
other,  so  that  even  after  prolonged  exposure  of  the  eye  to  their  in- 
fluence, all  colors  of  the  spectrum  were  seen  without  diminution  or 
enhancement  of  brightness.  In  ct.nsequence  these  hues  were  termed 
equilibrium  colors. 

Since  darkness  adaptation  of  one  eye  was  found  strongly  to  afl'ect 
the  other,  the  experiments  were  conducted  in  a  room  illuminated  with 
ordinary  daylight,  so  that  the  unused  eye  was  maintained  in  daylight 
adaptation. 

These  discoveries  suggested  that  probably  the  reflex  effects  of  color 
stimulation  might  also  be  transferred  from  one  area  of  a  retina  to 
adjoining  regions,  and  thereby  afford  a  dchnite  physiological  explana- 
tion of  the  modification  of  the  appearance  of  two  adjacent  light  or 
colored  areas  by  the  reflex  influence  of  each  upon  the  other. 

The  most  convenient  as  well  as  the  most  obvious  method  of  studying 
this  application  of  reflex  sensations  was  to  fatigue  an  area  of  the  retina 
on  one  side  of  the  vertical  median  line,  and  to  measure  the  duration  of 
the  flashes  of  light  at  the  critical  frequency  of  flicker  on  the  contiguous 
area  on  the  other  side. 

For  this  purpose  a  normal  curve  was  flrst  necessary  as  a  standard  of 
comparison.     The  normal  curve  in   the  previous  investigation*  was 
obtained  for  the  central  part  of  the  retina  including  areas  on  both  sides 
of  the  metiian  line.     New  measurements  were  made  with  the  same 
a]>i)aratus  and  adjustments  as  were  used  before.     The  right  eve  was 
fixated  on  a  small  dust  particle  adhering  to  the  edge  of  the  shutter  on 
the  rif^lit  side  of  the  rectangular  patch  of  color  in  the  spectrometer 
with  which  the  measurements  were  made.     The  patch  of  color  was 
thus  viewed  by  slight  indirect  vision.    It  was  i.)und  that  the  new  meas- 
urements coinciiled  with  the  normal  curve  previously  obtained,  which 
is  therefore  reproduced  here  from  the  former  paper.     The  data  are 
given  in  Table  1. 

*  Peddie:  Colour  Vision,  p.  SI. 

•J.O.  s.  .\.  &R.  s.  i.,p.  5S7,  vm. 
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The  adjoining  retinal  area  was  then  fatigued  by  fixating  vision  on  a 
conveniently  situated  particle  on  the  edge  of  the  shutter  on  the  left 
side  of  the  fatiguing  rectangle  of  color  in  a  second  spectrometer  with 
which  an  electric  arc  was  employed  as  the  source  of  light.  By  this 
method,  fatigue  could  be  confined  to  one  retinal  area,  and  the  reflex 
effects, — and  the  direct  if  any — transferred  to  the  adjacent  area,  could 
be  investigated. 

This  method  of  study  is  extremely  well  adapted  for  investigating 
these  transferable  effects.  For  if  the  curves  obtained  under  the  condi- 
tions just  described  always  coincided  with  the  normal,  it  could  safely 
be  inferred  that  no  effect,  either  direct  or  reflex,  measureable  by  this 
method,  was  transferred  from  the  fatigued   to   the  observing  area. 

Table  1.      Color  Contrast 


X 

Normal 

.676/.( 

.660m 

.588m 

.572m 

.569m 

.545m 

,450m 

.410m 

Sec. 

Sec. 

Sec. 

Sec. 

Sec. 

Sec. 

Sec. 

Sec. 

Sec. 

.750)u 

0.0360 

0.0344 

0.0353 

0.0336 

0.0364 

0.0349 

0.0342 

0.0340 

0.0335 

.740 
.720 
.700 

.0335 
.0287 
.0244 

.0311 
.0266 
.0224 

.0329 

.0308 
.0271 
.0229 

.0338 
.0291 
.0245 

.0326 

,0315 

.0315 

.0274 
.0231 

.0240 

.0237 

.0229 

.0231 

.680 
.660 

.0190 
.0166 

.0196 
.0164 

.0174 

.0178 

.0172 

0166 

.0166 

.0169 

.0173 

.640 
.620 

.0156 
.0145 

.0147 
.0138 

.0152 

.0153 

.0152 

.0145 

.0147 

.0150 

.0145 

.590 

.0148 

.0140 

.0150 

.0134 

.0145 

.0142 

.0141 

.0141 

.0140 

.550 

.0155 

.0147 

,0154 

.0140 

.0153 

.0150 

.0148 

.0147 

.0142 

.530 
.500 

.0165 
.0209 

.0157 
.0202 

.0151 
.0198 

.0158 
.0206 

.0154 
.0193 

.0205 

.0202 

,0197 

.0204 

.480 
.450 

.0255 
.0336 

.0247 
,0334 

.0241 
.0319 

.0338 

.0342 

,0330 

.0324 

.0321 

.0309 

.433 

.0378 

.0391 

.0370 

.0404 

.0376 

.0369 

.0365 

.0355 

.420 

.0431 

.0412 

.0426 

.0413 

.0434 

.0424 

.0418 

.0411 

.0390 

.410 

.0459 

.0439 

.0437 

Since,  also,  in  the  normal  eye  fatigue  invariably  shows  itself  by  pro- 
ducing a  diminution  of  the  physiological  brightness  of  either  one  or  two 
spectral  regions,  causing  corresponding  elevations  above  the  normal, 
it  could  readily  be  ascertained  from  a  comparison  of  the  curves  whether 
the  direct  effect  of  fatigue  was  similarly  transferred.  Finally,  if  the 
curves  showed  depressions  below  the  normal,  it  would  then  be  proved 
that  color  and  light  impressions  produced  reflex  effects  upon  contiguous 
areas. 

The  first  color  used  for  fatiguing  purposes  was  red  of  wave  length 
.676)u.    The  measurements  obtained  are  given  in  Table  1,  together  with 
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siniihir  measurements  for  all  the  full  color  curves  discussed  in  tliis 
paper.  The  curve  is  shown  in  lig.  1  in  comparison  with  the  normal. 
The  presence  t)f  three  rellex  depressions  proves  that  the  effect  of  the 
active  color  laliinf^  upon  one  side  of  the  retina  was  transferred  to  the 
adjoininj^  area  by  rellex  action  and  n<tt  by  direct.  The  curve  shows  that 
red  li^ht  has  aiTected  tin-  three  sensati<»ns  red,  green,  and  violet,  en- 


oois- 


•  Vo^A      eS       Sc        a        l-C  '(^5        VC 
l'i«;.  1.     Krjlfx  Curve  for  .676^. 


hancing  the  perception  of  those  coloi>.  I  Ik  i  urves  approach  each  other 
closely  at  the  wave  lengths  .47^  and  .65^.  which  were  termeti  coin- 
cidence points.  ( )nly  one  curve  was  obtained  for  red.  and  for  each 
izoneral  color. 

ll  was  anticipatiHl  that  the  etjuilibrium  color  .ObOpi  would  have  no 
effect  either  in  diminishing:  or  enhancing  color  perception.  In  Fig.  2 
the  curve  is  shown  which  coincides  with  the  normal  throughout  its 
length. 
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Only  one  color  for  yellow  and  orange  was  used,  that  selected  being 
.588)Lx.  As  the  curve  in  Fig.  3  shows,  this  color  caused  two  reflex 
depressions,  the  larger  extending  from  the  red  to  the  wave  length  .50/i, 
and  a  smaller  from  there  to  the  end  of  the  violet.  The  larger  shows  some 
evidence  of  division  into  two  smaller  parts  at  the  wave  length  .68)u. 

The  second  equilibrium  color  .570/i  was  then  used  to  fatigue  the  eye. 
After  the  measurements  had  been  made  the  setting  of  the  spectrometer 
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was  reexamined  and  found  to  be  .569/t.  The  data  in  the  table  are 
therefore  for  this  latter  color.  The  curve  in  Fig.  4  shows  depressions 
though  not  very  clearly  differentiated  into  three  parts.  Readings  for 
the  exact  color  .STOju  were  made  for  a  few  points  in  the  middle  of  the 
spectrum,  but  depressions  were  always  shown.  Finally  the  wave  length 
.572)u  was  employed  as  the  active  color,  and,  as  the  corresponding  curve 
in  Fig.  5  shows,  produced  no  depressions,  and  therefore  may  be  regarded 
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as  the  equilibrium  color.  Previous  determinations  of  this  equilibrium 
point  ajjpearcd  to  fix  it  quite  accurately  at  .570/i,  but  the  particular 
wave  length  .572/i   gi\en   here   may   be  a  little  more  exact.     Abney 


•  ev^ 


•  ov< 


.035 


•030 


■  0Z.5 


ozo 


O.oiS 


-Vo^    ttS    -SO     -Sir     -be      hS     .JO      T  i 
Fig.  3.     Rrftex  Curw  for  .SSSfx. 

and  Konig  found  that  their  sensation  curves"  for  reil  and  green  inter- 
sected at  .517 n  and    573/i,  respectively;  ami  this  new  determination 

T.\ni  F  2      Ciilor  Contrast.     Parluii  Cun€s 


X 

Normal 

.OOOp 

58Sm 

56«)>i 

572m 

574^ 

Sec. 

Sec. 

Sec. 

Sec 

.Va 

UiOn 

0  0174 

0  01 7S 

0  0164 

0  0166 

(t  0172 

0  016S 

620 

0152 

015.< 

0138 

0145 

0152 

0147 

5Q0 

01 4S 

()1.>() 

01. ?4 

0142 

0145 

0143 

550 

0155 

0154 

0140 

01.>() 

01 5  > 

0140 

530 

01 05 

0151 

- 

500 

0200 

.0205 

.01"^ 

t\\')~ 

1  ij  ij 

'  Parsons:  Colour  Vision,  p.  2.^0. 
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of  the  equilibrium  color  serves  at  least  to  bring  it  very  closely  in 
harmony  with  the  latter. 

From  the  data  in  Table  2  the  central  portions  of  several  curves  are 
given  in  Fig.  6  which  indicate  clearly  the  definiteness  as  well  as  the 
narrowness  of  the  equilibrium  region. 


•cifS 


•OA»0- 


035 


•030^ 


•025 


■OZC 


O-OIS 


hCi^  -h-s     50       SS     -bo  ^-65"     -Jo 

Fig.  4.     Reflex  Curve  for  .569^. 


The  color  .545)u  was  then  used  as  the  fatiguing  stimulus  with  the 
result  shown  in  Fig.  7.  This  curve  shows  three  small  depressions 
separated  by  the  coincidence  points  at  about  .50/^  and  .65)u. 

The  visually  complex  part  of  the  spectrum  from  .520ju  to  .480/i  was 
studied  by  obtaining  the  central  portions  of  the  curves.  The  measure- 
ments are  shown  in  Table  3,  and  the  curves  are  all  plotted  in  Fig.  8. 
It  will  be  seen  that  the  equilibrium  colors  .520)u,  .505^t,  and  .480/i,  do 
not  give  rise  to  any  transferable  effects,  since  no  enhancement  of  bright- 
ness results. 
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Only  (me  col<jr  in  the  blue  was  used  as  the  fatiguing  stimulus,  that 
selected  being  .450/i,  the  curve  for  which  is  shown  in  Fig.  9.  This  is 
characterized  by  three  well  marked  depressions. 


Tabu:  3.     Color  Contrast.    Partutl  Curtes 


\ 

Normal 

54.> 

.3iU/i 

515^ 

505p 

495^ 

480^ 

450m 

Set. 

Sec. 

Sec. 

Sec. 

Sec. 

Sec. 

Sec. 

Sec. 

.(>60^ 

0  0174 

0  016(1 

0  0174 

0  ouy> 

0  0174 

0  0176 

0  0171 

0  oi6y 

620 

.0152 

0147 

0154 

01 4y 

0150 

0151 

0154 

0150 

5^0 

.0148 

,0141 

0145 

0142 

0147 

0144 

0147 

0141 

.550 

.0155 

014.S 

0152 

0147 

0151 

0147 

0153 

0147 

,530 

>on 

.0165 

0200 

0161 
0203 

0157 
0204 

0163 
0203 

0158 
0206 

0204 

mnx 

0196 

Tlie  eciuilibrium  color  .425)u  was  found  to  give  a  curve  coincident 
with  the  normal  similar  to  that  in  Fig.  2. 
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The  violet  color  .410ju,  as  is  shown  in  Fig.  10,  gave  two  reflexes,  the 
larger  of  which  is  partly  subdivided  into  two  smaller  depressions  at  the 
'coincidence  point,'  about  .51/x.  Considering  the  very  low  intensity 
of  this  color,  about  one  seven-hundredth  of  the  brightness  of  yellow, 
its  reflexes  are  the  greatest  of  all. 


OiO 
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■  0X0 


■OIS- 


■  0X0 


•OIS 
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•01$ 


•020 


0-0(5 


.SOu.   -SS     -liO      .65 


Fig.  6.     Partial  reflex  curves  for  colors  indicated. 

The  remarkable  character  of  the  equilibrium  colors  is  shown  in  three 
ways.  First,  they  produce  no  action  transferable  from  one  eye  to  the 
other ;^  second,  they  show  no  effect  on  the  fatigued  area  of  a  retina;^ 
third,  they  produce  no  transferable  effect  from  one  area  to  another  on  a 
single  retina. 

The  reflex  depressions  generally  were  not  as  large  nor  as  sharply 
defined  as  expected,  and  are  considerably  smaller  than  similar  reflexes 
obtained  in  the  right  eye  from  the  action  of  colors  on  the  left  as  de- 

8  J.  O.  S.  A.  &  R.  S.  I.,  p.  585,  1923. 
» Ibid:  p.  600. 
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scribed  in  llie  former  puprr  on  nllex  visual  sensations  to  which  refer- 
ence has  just  been  made. 

Thougli  it  ought  to  have  been  evident  at  lirst,  it  was  not  realized  by 
the  writer  until  most  of  the  curves  had  been  obtained,  that  when  vision 
was  lixated  on  the  edge  of  the  bright  fatiguing  patch  of  color,  the  retina 


■Oti 
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Wawi  -LAiv^lk 

■h0^t.   -if-S     '60      -Si'     -fco     -66       .70 

Fig.  7.     Rejlex  curve  for  .5-l5fi. 


was  really  not  under  one  but  under  two  influences.  On  one  side  of  the 
retina  was  the  active  fatiguing  color,  and  on  the  other  darkness  due  to 
the  black  shutter.  The  retinal  area  in  which  the  refle.xcs  were  obtained 
and  studied  was  consequently  under  the  neutralizing  elTect  of  darkness 
adaptation.  This,  as  the  previous  investigaliim  showed,^"  and  con- 
firmed in  several  subsequent  figures  in  this  paper,  has  the  efTcct  of 
wholly  or  partially  counteracting  the  reflex  enhancement  of  the  color 
sensations.     In  the  j^receding  curves  the  reflexes  are  not  completely 


"Ibid:  p.  608. 
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neutralized,  but  the  depressions  are  not  as  deep  as  they  should  be  to 
give  a  just  representation  of  the  reflex  effect  of  the  active  color. 

In  order  to  test  this  experimentally,  a  piece  of  white  paper  was 
placed  on  the  left  shutter  in  the  Hilger  eyepiece  of  the  fatiguing  spec- 
trometer, and  illuminated  by  reflecting  daylight  upon  it  through  a  hole 
in  the  top.  The  first  measurements  made  under  these  conditions 
showed  a  smaller  reflex  than  that  obtained  with  the  dark  shutter. 
From  this  it  was  evident  that  the  white  light  reflected  from  the  paper 
was  so  dim  that  it  was  much  more  effective  than  complete  darkness  in 
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Fig.  8.     Partial  reflex  curves  for  colors  indicated. 

counteracting  the  reflex  effects  of  color.  This  was  quite  in  accordance 
with  what  was  previously  found^^  in  the  investigation  of  the  effect 
of  weak  light  upon  the  perception  of  color. 

By  means  of  mirrors  the  intensity  of  the  daylight  reflected  from 
the  white  paper  was  considerably  increased,  and  the  green-yellow  reflex 
again  measured  and  found  to  be  doubled  in  depth. 

These  effects  were  studied  only  for  the  central  part  of  the  spectrum 
with  the  two  fatiguing  colors  .687^  and  .450/i.    The  results  are  given  in 


"  Ibid:!p.  608. 
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Tables  4  and  5,  and  the  curves  are  shown  in  Figs.  11  and  12,  respec- 
tively, on  a  somewhat  larj^er  vertical  scale  than  that  in  the  «Jther  figures. 
In  both  fij^ures,  A,  is  the  normal  curve;  Fi.  the  reflex  curve   obtained 
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for  adaptation  with  dim  while  ligiit :  C".  the  reflex  curve  obtained  with 
darkness  adaptation;  and  I),  tlie  reflex  curve  obtaine<l  with  daylight 
adaptation. 

Tabi.k  4.     Citrtrs  for  Wave  length  .6S7n 


hi:n   i..j:.; 

Darkness 

Daylight 

X 

\iirm;il 

.\da|»lajti»>n 

.Xdaptation 

.XdapuUon 

Sec. 

Sec. 

Sec. 

.V*.. 

660^ 

0  0174 

0  0171 

0  01  ()0 

i»  0166 

.  620 

0152 

0140 

0147 

0145 

500 

01 4S 

0145 

0142 

01. ?7 

.550 

0155 

0151 

0147 

0141 

.530 

0165 

0161 

0155 

0151 

.500 

.0200 

li.M} 

(  1  J  1  ii  1 

()l'.)s 
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These  results  show  that  all  the  depressions  in  the  full  curves  pre- 
viously discussed  in  this  paper  are  really  comparable  with  curve  C. 

Table  5.     Curves  for  Wave  Length  .-ISOix 


Dim  Light 

Daylight 

X 

Normal 

Adaptation 

Adaptation 

Sec. 

Sec. 

Sec. 

.590m 

0.0148 

0.0145 

0.0136 

.550 

.0155 

.0152 

.0142 

.530 

.0165 

.0163 

.0150 

When  darkness  and  dim  light  adaptation  are  both  completely  removed, 
the  depressions  should  properly  be  enlarged  to  nearly  double  the  depth 


Fig.  10.     Reflex  curve  for  AJO/j.. 

in  order  to  represent  fully  the  reflex  enhancement  of  the  color  sensa- 
tions. It  may  also  be  inferred  from  Figs.  11  and  12,  that  enlarge- 
ment of  the  depressions  will  also  sharpen  their  three-fold  division. 
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As  so  much  time  ami  labor  had  been  expended  in  obtaining  the  curves 
shown  in  this  paper,  the  writer  did  not  repeat  the  measurements  under 
the  optimum  condition  of  adaptation,  contenting  himself  with  the 
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double  proof  that  they  represent  intermediate  values  of  the  reflexes. 
and  that  their  real  magnitudes  are  much  larger  than  the  curves  indicate. 
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I'IG.  12.     J'iirlial  reflex  cunrs  jor  uijk"  length  .450(1  XiUh  diflereml  nyndUions  of  adaptation. 

The  curve  lor  tlu-  wave  length  .410;j.  however,  was  obtained  with 
the  retlex  area  of  the  retina  in  sutTicient  daylight  adaptation,  and  there- 
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fore  probably  represents  the  maximum  reflex  enhancement  obtainable 
with  this  color. 

The  reflex  effect  of  white  light  was  also  obtained  by  focussing  a 
small  butintense  circular  patch  of  white  light  from  the  arc  upon  the 
edge  of  a  white  porcelain  plate.  By  fixating  vision  upon  the  edge  of  the 
plate  a  semi-circular  patch  like  a  half  moon  was  formed  on  one  side  of 

Table  6.     Luniinosily  Contrast 


Darkness. 

Darkness. 

White 

X 

Normal 

Reflex 

Direct 

Light 

Sec. 

Sec. 

Sec. 

Sec. 

.750)u 

0,0360 

0.0348 

0.0370 

0,0344 

.740 

,0335 

.0320 

,0348 

,0325 

.720 
.700 

.0287 
.0244 

.0230 

,0255 

.0231 

.680 
.660 

.0174 

.0165 

.0179 

.0162 

.640 
.620 

,0152 

.0148 

.0158 

.0143 

.590 

.0148 

.0142 

.0151 

,0136 

.550 

.0155 

,0150 

.0158 

,0142 

.530 

.0165 

,0160 

.0169 

0153 

.500 

.0209 

.0199 

.0226 

,0189 

.480 
,450 
.433 
.420 

.0255 
.0336 

.0285 

.0328 

,0320 

.0432 
.0480 

.0431 

.0413 

,0402 

.410 

0459 

the  retina.  The  other  adjoining  side  was  illuminated  by  daylight 
reflected  from  the  wall  of  the  room  behind  the  plate.  The  left  eye 
was  shielded  so  that  it  was  only  in  daylight  adaptation  as  before. 

The  measurements  are  given  in  Table  6.  The  curve,  shown  in  Fig.  13, 
lies  wholly  below  the  normal,  showing  reflex  enhancement  of  the  bright- 
ness of  the  entire  spectrum.  The  reduced  curve  at  the  bottom  of  the 
figure  indicates  a  three-fold  division  corresponding  to  the  color  sen- 
sations. 

It  may  be  noted  here  that  while  observing  the  half  disc  of  intense 
white  light,  there  appeared  on  the  other  side  of  the  retina,  after  about 
forty  seconds,  a  dark  olive  green  patch  similar  to  the  white  in  shape, 
but  of  about  two-thirds  the  area.  If  the  left  eye  was  kept  closed  until 
the  dark  green  patch  was  well  developed,  and  then  suddenly  opened  in 
daylight,  the  patch  became  for  a  few  seconds  bright  green  in  color. 

The  effect  of  darkness  adaptation  of  one  area  upon  another  was  then 
studied.    For  this  purpose  a  piece  of  black  velvet  was  tied  over  one-half 
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of  ihc  end  ol  a  pui)cr  mailinj^  tube  ub(jut  tiftccn  inches  long  and  two 
inches  in  diameter.  This  was  directed  against  the  light  wall  of  the  room. 
Vision  was  lixated  on  the  edge  of  the  velvet  so  that  the  side  of  the 
retina  formerly  fatigued  was  in  darkness  adaptation,  and  the  other  in 
daylight.  It  must  not  be  overhxjked  that  the  inside  of  the  long  tube 
produced  tm  the  retina  a  dark  area  around  the  whole  image  of  the 
black  and  while  end  of  the  tube. 
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Fig.  1.^.     Retlfx  curve  for  xchiU  light. 

The  measurements  obtained  are  given  in  Table  ().  ami  are  plotted  as 
the  lowiT  curve.  H.  in  1  iu'  1  I  This  cur\e  si\ows  that  the  whole  spec- 
trum was  enhanced  in  brightness  as  the  result  of  the  transferred  effect 
of  darkness  adaptation.  H\-  rotating  the  tube  the  conditions  of  adapta- 
tion of  {\\v  retinal  areas  were  rc\ersed,  and  the  direct  elTect  oi  darkness 
was  studied.  These  measurements  showed  that  the  brightness  of  the 
spectrum  was  diminished  in  all  parts  as  indicated  by  the  upper  curve, 
.\,  in  Fig.  14.  Both  reduced  curves  show  recognition  <•(  the  three 
sensations. 


930 


Frank  Allen 


[J.O.S.A.  &  R.S.I.,  7 


The  enhancement  of  the  brightness  of  a  white  surface  may  be 
readily  seen  by  looking  with  one  eye  through  a  tube  at  a  light  surface, 
the  other  eye  also  being  directed  at  the  same.  The  exclusion  of  light 
from  the  peripheral  retina  of  one  eye  by  the  long  tube  gives  a  circular 
band  of  darkness  around  the  central  disk  of  white  on  the  retina.  There 
is  no  illusion  about  the  increased  luminosity  of  the  white  to  the  eye  at 
the  tube,  as  the  curve,  B,  shows  the  effect  to  be  measureable  and  hence 
physiological  and  not  psychological  in  its  origin. 
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Fig.  14.     Curves  obtained  under  different  conditions  of  darkness  adaptation. 

The  inside  of  the  eye  pieces  of  observing  instruments  is  usually 
painted  dead  black.  This  probably  is  primarily  intended  to  absorb  any 
stray  or  scattered  light.  From  these  experiments  it  is  obvious  that  the 
surrounding  darkness  considerably  enhances  the  brightness  of  what- 
ever light  or  color  is  seen.  It  is  equally  obvious  that  in  making  exact 
and  delicate  measurements  of  the  comparative  brightness  of  light  and 
colors,  care  must  be  exercised  with  regard  to  the  conditions  of  adapta- 
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liiJii  (jf  the  unused  eye,  and  also  of  the  different  portions  of  the  obser\ing 
retina.  All  colors  do  not  seem  fn^m  Fig.  14  to  be  equally  influenced 
by  darkness  enhancement,  and  quite  a[)preciable  errors  may  therefore 
be  unwittinjjly  introduced. 

'I'hough  darkness  has  been  regarded  as  a  positive  influence  producing 
these  elTects,  it  is  more  probable  that  they  are  caused  by  preventing 
light  from  having  the  real  positive  influences. 

From  these  experiments  it  may  be  concluded  that  light  of  every  wave 
length  falling  upon  an  area  of  a  retina  enhances  by  reflex  action  the 
three  fundamental  sensations,  red.  green,  and  violet,  in  adjoining  areas; 
also  that  the  direct  and  reflex  eflects  of  the  six  equilibrium  colors 
counterbalance  each  other  so  that  no  apparent  fatigue  or  enhancement 
results.  Never  has  the  writer  found  in  experiments  upon  his  own  eye 
evidence  that  fatigue,  i.  e.,  the  direct  action  of  light,  was  transferred 
from  eye  to  eye.  or  from  area  to  area  on  a  single  retina.  The  only  trans- 
ferable influences  are  effected  through  the  agency  of  the  visual  sensory 
reflexes. 

It  is  possible  that  direct  efi"ects  may  be  transferred,  and  this  may  con- 
stitute a  factor  in  abnormal  vision.  But  in  normal  vision  it  seems  pos- 
sible to  conclude  that  reflex  effects  of  color  are  always  transferred  alone 
or  in  excess  of  the  direct. 

The  curves  described  in  this  paper  are  identical  with  those  obtained 
by  reflex  action  from  one  eye  to  the  other,  which  were  described  fully 
in  the  paper  on  reflex  visual  sensations,  to  which  reference  has  been 
made. 

II.      Theoretical 

Before  i)roceeding  to  apply  the  exjx^rimenlal  results  to  the  elucida- 
tion of  the  phenomena  of  contrast  or  spatial  induction,  we  may  with 
advantage  summarize  briefly  our  present  knowledge  of  the  tw..-f. ild 
action  of  light  upon  the  retina. 

The  first  part  consists  of  the  direct  action  which  when  continued 
produces  fatigue,  and  in  consequence,  diminishes  luminosity  by  en- 
feebling the  response  of  the  receptor  elements  of  the  retina.  The  direct 
action  of  each  color  was  considered  by  Helmholtz  always  to  cause 
stimulation  of  all  three  sensations.  Frt)m  this  dcKtrine  Abney^^  dis- 
sented in  part;  for  he  considered  that  "the  red  stimulates  only  the  red 
sensatii  n  in  vnv  part  of  the  spectrum,  whilst  the  violet  stimulates  both 

'=  Researches  in  Colour  \  isioii,  p.  2M. 
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the  red  and  the  blue,  and  not  the  green  sensations.  A  green  color  not 
only  stimulates  the  green  sensation,  but  it  stimulates  the  red  and  blue 
sensations  as  well,  as  is  shown  in  Helmholtz's  diagram." 

Experimental  evidence  already  obtained  in  the  writer's  laboratory 
through  the  study  of  abnormal  vision,  the  results  of  which  will  be  pub- 
hshed  in  due  course,  are  in  agreement  with  the  assumption  of  Helm- 
holtz.  The  writer  therefore  feels  justified  in  concluding  that  the  direct 
action  of  light  stimulates  all  three  sensations,  but  that  the  predominant 
effect  extends  to  the  one  sensation  chiefly  involved  if  the  color  is  simple, 
i.e.,  red,  green,  or  violet,  and  to  the  two  sensations  chiefly  involved  if 
the  compound  colors,  orange,  yellow,  and  blue  are  employed. 

The  reflex  effect,  the  second  part  of  the  dual  visual  process,  always 
produces  enhancement  of  the  three  sensations,  but  the  predominant 
effect  is  upon  the  sensations  complementary  to  the  active  color.  The 
characteristic  reflex  influences  are  transferred  from  eye  to  eye,  and 
from  one  retinal  area  to  the  parts  adjoining.  In  brief  the  predominant 
direct  and  reflex  effects  of  an  active  color  are  complementary  to  each 
other. 

We  may  now  consider  how  two  contiguous  patches  of  color,  e.g., 
yellow  and  green,  affect  each  other  when  viewed  by  a  single  retina, 
vision  being  fixated  on  a  point  in  the  junction  of  the  patches.  The 
reflex  effect  of  yellow  is  transferred  to  the  area  occupied  by  the  green, 
resulting  in  enhancement  of  all  three  sensations,  red,  green,  and  violet, 
though  the  predominant  enhancement  covers  the  complementary  of 
yellow.  The  green  light  directly  affects  all  sensations,  but  predomi- 
nantly the  green.  Since  the  complementary  of  yellow  is  now  enhanced, 
the  green  stimulates  that  more  than  is  normally  the  case,  with  the  result 
that  consciousness  now  perceives  green  mixed  with  the  complementary 
of  yellow.  Similarly,  on  the  adjoining  area  yellow  is  perceived  mingled 
with  the  complementary  of  green.  Thus  yellow  and  green  are  both 
perceived  mingled  with  the  complementary  of  each  other.  But  it  must 
not  be  forgotten  that  since  all  three  sensations  are  enhanced  in  sensitive- 
ness in  each  case,  the  complementary  modification  of  colors  is  only  a 
predominant  effect,  and  probably  can  never  absolutely  be  realized. 

Since  the  complementary  of  green  is  purple,  a  mixture  of  red  and 
violet  sensations  in  which  red  is  predominant,  it  follows  that  the  con- 
trast modification  of  yellow  is  more  in  the  direction  of  red  than  of 
violet;  that  is,  yellow  when  contrasted  with  green  appears  to  be  moved 
away  from  its  green  competitor  in  the  spectrum  towards  the  red. 
Similarly  the  green  will  be  mixed  with  the  complementary  of  yellow, 
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which  is  ultramarine-bkic.  and  therefore  appears  to  be  moved  away 
from  the  yellow  towards  the  violet. 

'Jhese  conclusions  are  in  harmony  with  lla-  statements  of  Parsons," 
who  says:  "The  most  important  element  in  colour-contrast  from  our 
present  point  of  view  is  the  oi»j)onent  or  conijjlementary  effect.  .  . 
Under  ordinary  circumstances  the  induced  col(»r  is  not  the  precise 
comi)lementary  of  the  inducing.  .  .  ."  Likewise  Rood''  states  that 
"when  two  colored  surfaces  are  placed  in  contiguity,  each  is  changed 
as  though  it  had  been  mixed  to  some  extent  with  the  C(»mplementary 
color  of  the  other";  and  also'^  that  the  effect  produced  bv  contrast  is 
apj)arently  to  mo\i-  the  spectral  colors  both  farther  ai>art. 

From  the  ])oint  of  view  of  this  paper,  contrast  is  not  a  relative 
effect,  as  it  is  frequently  considered  to  be,'*^  but  is  absolute  in  the  sense 
that  the  modification  of  color  is  as  i)hysiologically  real  as  are  the 
original  colors. 

If  the  two  contrasting  colors  are  normally  complementarv.  their 
mutual  retlex  enhancing  effects  of  necessity  will  accord  pred<iminantlv 
with  the  active  colors  themselves.  There  will  therefore  be  a  marked 
increase  in  the  brightness  and  saturation  of  the  colors.  There  ought  to 
be.  however,  some  alteration,  though  possibly  but  slight,  in  hue. 

Since  the  predominant  rellex  inlUience  enhances  the  complementarv 
of  a  color,  it  also  follows  that  similar  colors  when  contrasted  will  l<.se  in 
brightness,  for  the  amount  *)f  enhancement  each  receives  from  the 
other  is  insufficient  to  compensate  the  loss  in  brightness  due  to  fatigue. 
The  reflex  stimulation  of  all  three  sensations  results  in  the  production 
of  white  which  therefore  will  lessen  the  saturation  of  the  colors.  Some 
m( dification  of  the  hue,  however,  again  should  result. 

'Ihcse  C(»nclusions  also  agree  with  those  of  Rood.*" 

The  further  remark  of  Rood*^  that  the  changes  in  hue  and  saturation 
of  intense,  pure,  and  brilliant  colors  are  particularly  ct)nspicuous  after 
somewhat  prolonged  observation  is  also  in  harmony  with  the  exi>eri- 
mental  results  described  in  the  first  part  of  this  pai>er.  for  the  marked 
reflex  enhancement  of  portions  of  the  spectrum  shown  by  the  depres- 
sions of  the  curves,  were  obtained  after  exposing  the  eye  to  intense 

"  Colour  Vision,  p.  128. 

'*  Modern  Chromatics,  p.  244. 

"  Ibid.,  p.  246. 

"  Sec  e.g.  Peddie,  Colour  Vision,  p.  21. 

'"  Modem  Chromatics,  p.  247. 

's  Ibid.,  p.  252. 
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colors  for  about  two  minutes  before  each  measurement  was  made. 
No  doubt  the  reflex  action  follows  very  rapidly  after  the  direct  exciting 
color,  but  it  grows  in  magnitude  with  time  until  the  maximum  of 
saturation  point  is  reached. 

Though  the  writer  has  no  experimental  evidence  to  adduce  regarding 
the  character  of  the  reflex  effects  of  weak  colors,  yet  it  can  scarcely  be 
doubted  that  reflex  effects  are  excited  by  them  proportionately  with 
intense  colors.  Investigation  perhaps  would  show  that  the  reflex 
action  is  even  disproportionately  large;  and  there  can  scarcely  be  any 
doubt  that  the  changes  due  to  reflex  influence  would  be  perceptible  in 
a  far  shorter  time. 

When  pale  colors  are  contrasted  it  is  well  known  that  most  striking 
modifications  occur  at  the  first  glance.  But  in  these  cases  the  results 
of  the  reflex  enhancement  of  the  complementary  sensations  must  be 
apparent  the  moment  they  are  aroused.  The  very  delicacy  of  the  active 
colors  renders  the  least  modification  of  tint  noticeable. 

There  seems  therefore  to  be  no  essential  difference  between  the 
contrast  effects  of  pale  colors  and  those  of  intense  colors,  and  an 
explanation  satisfactory  for  one  may  be  considered  quite  applicable  to 
the  other.  Simultaneous  contrast  is  closely  allied  with  successive 
contrast;  the  difference  from  the  present  standpoint  is  largely,  perhaps 
altogether,  the  degree  to  which  the  several  reflexes  are  permitted  to 
develop. 

There  is  already  some  evidence  that  the  reflexes  do  not  develop  in 
the  same  time.  Probably,  too,  the  rates  of  excitation  and  development 
are  dependent  on  wave  length  and  luminosity.  These  matters,  it  is 
hoped,  will  be  discussed  in  a  later  communication.  It  seems  quite 
probable,  however,  that  contrast  effects  with  intermittent  illumination 
will  generally  not  be  quite  the  same  as  with  steady  observation. 

The  explanation  of  contrast  advanced  by  Helmholtz  and  adopted  by 
Rood  is  that  it  is  due  to  errors  of  judgment.  Two  experiments  de- 
scribed by  the  latter^^  to  enforce  this  explanation  may  with  advantage 
be  considered  here. 

"We  carry  in  ourselves  no  standard  by  which  we  can  measure  the 
saturation  of  color  or  its  exact  place  in  the  chromatic  scale;  hence,  if 
we  have  no  undoubted  external  standard  at  hand  with  which  to  compare 
our  colors,  we  are  easily  deceived.  A  slip  of  paper  of  a  pale  but  very 
decided  blue-green  hue  was  placed  on  a  sheet  of  paper  of  the  same 
general  tint,  but  somewhat  darker  and   more  intense  or  saturated  in 

"  Modem  Chromatics,  p.  253. 
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hue.  The  small  slip  now  appeared  grey,  and  by  no  effort  of  the  reason 
or  imagination  could  it  be  made  to  lo(jk.  otherwise.  In  this  exix'ri- 
ment  no  undoubted  {jure  grey  was  present  in  the  held  of  view  for  com- 
parison, and  in  point  of  fact  the  small  slip  did  actually  approach  a  pure 
grey  in  hue  more  nearly  than  the  large  sheet;  hence  the  eye  instantly 
accepted  it  for  pure  grey.  The  matter  did  mjt,  hcnvever,  stop  here. 
A  slip  of  pure  grey  paper  was  now  brought  int(j  the  same  green  held, 
but,  instead  of  serving  as  a  standard  to  correct  the  illusion,  it  assumed 
at  once  the  ai)i)earance  of  a  n'ddis/i- grey.  The  pure  grey  really  did 
approach  reddish-grey  more  than  the  green  field  surrounding  it,  and 
hence  was  accei)ted  for  this  lint.  The  same  pale  blue-green  slip,  when 
placed  on  a  pale-reddish  ground,  assumed  a  stronger  blue-green  hue 
than  when  on  a  white  ground.  In  the  first  of  these  experiments  we 
have  an  illustration  of  harmful  and  in  the  second  of  helpful  simultaneous 
contrast.  The  result  in  both  cases  coincided  with  that  wliich  successive 
contrast  would  have  produced  under  similar  circumstances." 

The  principle  of  reflex  sensations  pro\'ides  a  physiological  explana- 
tion of  a  radically  different  character. 

The  intense  blue-green  of  the  large  sheet  enhances  refle.xly  the  three 
color  sensations  in  the  retinal  area  covered  by  the  pale  color,  but 
predominantly  the  sensations  complementary  to  the  exciting  color. 
The  pale  blue-green  stimulates  not  only  its  own  proper  sensations 
but  als(j  the  enhanced  complementary  to  an  extent  much  greater  than 
normally  is  the  case.  The  pale  blue-green  and  its  complementary 
therefore  unite  to  give  the  observed  grey  appearance. 

In  the  second  experiment,  the  light  from  the  grey  paper  in  its  turn 
fell  upon  the  same  enhanced  sensations,  stimulating  especially  the  part 
complementary  to  the  intense  blue-green.  As  the  grey  paper  has  no 
color  of  its  own  to  unite  with  this  complementary,  the  latter  i<  -^'^en 
alone.    Hence  the  grey  paper  appears  reddish-grey. 

In  the  third  experiment,  the  reddi.sh  color  of  the  ground  enhanced 
its  complementary  sensation  which  is  blue-green.  Hence  the  latter 
does  not  modify  the  pale  blue-green  color,  but  intensihes  its  appearance. 

In  all  three  cases  the  changes  in  color  of  the  pale  blue-green  and  other 
papers  are  as  much  physiological  realities  as  are  the  original  colors. 
Instead  vi  the  judgment  being  'deceived,'  it  is,  on  the  contrary,  e.x- 
tremely  truthful  and  accurate  in  estimating  the  collective  result  of  the 
composite  physiological  processes  involved  in  the  contrast  moditica- 
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tion  of  color.    Contrast  is  due  to  the  remarkable  accuracy  of  the  judg- 
ment instead  of  its  deception. 

As  a  second  example  of  contrast  the  famous  experiment  on  coloured 
shadows  may  be  considered.  This  is  described  in  great  detail  by  Rood.^" 
Two  shadows  of  an  obstacle  are  simultaneously  cast  on  a  white  surface 
by  white  daylight  and  an  orange-yellow  candle  flame.  All  parts  of  the 
surface  are  therefore  illuminated  by  the  yellowish  candle  light,  except 
the  shadow  cast  by  it.  This  will  be  illuminated  only  by  daylight,  but 
by  contrast  with  the  yellowish  surface  will  appear  decidedly  blue. 
"For  the  production  of  the  most  powerful  effect,  it  is  desirable  that  the 
shadows  should  have  the  same  depth,  which  can  be  effected  by  regu- 
lating the  size  of  the  aperture  admitting  daylight.  Now,  although  the 
shadow  cast  by  the  candle  is  actually  pure  white,  yet,  by  contrast  with 
the  surrounding  orange-yellow  ground,  it  is  made  to  appear  decidedly 
blue.  So  strong  is  the  illusion  that,  even  after  the  causes  which  gave 
rise  to  it  have  disappeared,  it  still  persists,  as  can  be  shown  by  the 
following  experiment  of  Helmholtz:  While  the  colored  shadows  are 
falling  on  the  screen,  they  are  to  be  viewed  through  a  blackened  tube 
of  cardboard,  held  in  such  a  way  that  the  observer  has  both  the  shadows 
in  his  field  of  view.  After  the  blue  shadow  has  developed  itself  in  full 
intensity,  the  tube  is  to  be  moved  so  that  the  blue  shadow  may  fill 
the  whole  field.  The  tube  being  held  steadily  in  the  new  position,  the 
shadow  will  still  continue  to  appear  blue  instead  of  white,  even  although 
the  exciting  cause,  viz.,  the  orange-yellow  candle-light,  is  no  longer 
acting  on  the  eye.  The  candle  may  be  blown  out,  but  the  surface  will 
still  appear  blue  as  long  as  the  eye  is  at  the  tube.  On  removing  the  tube, 
the  illusion  instantly  vanishes,  and  it  is  perceived  that  the  colour  of 
the  surface  is  identical  with  that  of  the  rest  of  the  screen,  which  is  at 
once  recognized  as  white.  In  a  case  like  this  the  fatigue  of  the  retinal 
elements  can  play  no  part,  as  the  illusion  persists  during  a  far  longer 
period  of  time  than  is  necessary  for  their  complete  rest;  we  must  hence 
attribute  the  result  to  a  deception  of  the  judgment." 

By  applying  the  principle  of  the  visual  sensory  reflex,  the  phenomena 
may  be  given  a  simple  physiological  explanation.  The  orange-yellow 
light  surrounds  the  small  retinal  area  upon  wliich  falls  the  white  light 
coming  from  the  shadow  cast  by  the  candle.  The  reflex  action  of  the 
yellowish  light  upon  the  protected  retinal  area  causes  enhancement 
of  all  three  fundamental  sensations,  but  predominantly  the  portion 

''"  Modern  Chromatics,  p.  254. 


Nov.,  1923]  REtLEx  Nature  of  Color  Contrast  937 

of  the  sensaticns  complementary  to  yellow.  The  white  light  in  con- 
sequence stimulates  this  part  to  a  much  greater  extent  than  the  re- 
mainder, and  the  light  in  consequence  is  i>erceived  as  blue. 

The  crucial  experiment  devised  by  Helmholtz  to  prove  his  theory 
lit  illusicns  is  easily  understood.  Though  it  is  carefully  specified  that 
the  observation  must  be  made  through  a  blackened  tube,  the  elTect 
of  the  tube  (.n  the  retina  is  ignored  with  equal  care  by  b»jtli  Helmholtz 
and  Rood.  A  reference  t<j  the  lower  curve  B  in  Fig.  14.  shows,  as 
explained  above,  that  darkness  on  one  area  of  the  retina  results  in  a 
physiological  enhancement  of  light  and  color  on  the  adjoining  areas. 
Now  the  blackened  tube  causes  a  dark  retinal  area  aroun<l  the  image 
of  the  colored  shadows,  which  greatly  enhances  the  yellow  candle  light. 
and.  by  its  increased  reflex  action,  the  complementary  blue  also.  After 
viewing  this  for  some  time  for  the  purj)ose,  as  Rood  says,  of  allowing 
the  blue  shadow  to  develop  itself  in  full  intensity,  or,  as  the  writer 
would  state  it,  oi  permitting  the  reflex  action  to  cau.se  its  maximum 
enhancement,  the  tube  is  moved  so  that  the  blue  shadow  only  is  seen 
without  the  yellow  surrounding  regions.  The  blue  color  is  then  found 
to  persist  for  a  considerable  time. 

lUit  why  should  it  not  persist?  It  takes  several  minutes  for  the  violet 
reflex  enhancement  to  develop  to  its  full  intensity;  it  is  not  surprising 
therefore  that  it  should  also  persist  for  a  considerable  lime.  Burch-' 
found  that  after-image  elTects  last  for  as  miich  as  two  hours.  There 
is  cjuite  sufficient  reason  therefore  for  the  f)ersistence  of  the  blue  shadow, 
even  when  the  candle  flame  was  blown  out. 

When  the  blackened  tube  is  removed  from  the  eye.  the  powerful 
enhancement  due  to  darkness  also  disap{x^ars.  and  the  white  light  from 
the  screen  by  its  direct  and  reflex  actions  quickly  equalizes  the  stimula- 
tion of  all  the  sensations,  and  the  blue  color  disapix'ars. 

A  similar  explanation  will  apply  to  all  other  complementary  shadows. 
But  while  no  measurements  have  yet  been  made  on  the  rate  of  growth 
or  of  decay  of  the  reflex  enhancement  of  colors,  there  is  reason  to  antici- 
pate that  colored  shadows  will  jxrsist  for  continually  shorter  intervals 
of  time,  as  the  color  approaches  the  red  end  of  the  spectrum. 

An  cxperinuirt  (juite  analogous  to  that  just  discussed  was  devised 
by  Hcring  to  j)ro\c  the  psychological  princijile  that  under  certain 
conditions  "the  ultimate  j>erceptions  tlejHMul  n<it  uj^on  ditTercnces  of 
physical  light  intensity,  but  upon  other  inij^ressions  which  simul- 
taneously enter  into  consciousness  and  modify  judgment." 

-'  Parsons,  Colour  Vision,  p.  112. 
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The  experiment  is  thus  described  by  Parsons  from  whose  work  on 
Colour  Vision  (p.  23)  these  quotations  are  taken:  ''In  a  room  lighted 
by  a  window  on  one  side,  the  opposite  wall  being  white,  standing 
with  the  back  to  the  window  and  holding  up  a  grey  sheet  of  paper, 
the  paper  looks  grey  and  the  wall  white.  The  wall  however  reflects 
only  a  portion  of  the  light  into  the  eye  and  'is'  therefore  grey.  By 
looking  through  a  tube  it  is  possible  to  select  a  grey  paper  which 
exactly  matches  the  greyness  ,  of  the  wall ;  yet  directly  the  tube  is 
removed  the  wall  at  once  appears  white,  whilst  the  paper  still  remains 
grey.  If,  however,  the  edge  of  the  paper  is  fixed  with  one  eye  only, 
the  wall  appears  to  be  on  the  same  plane  and  of  the  same  tint  as  the 
paper." 

The  experimental  results  previously  discussed  on  the  enhancing 
effect  of  darkness  on  adjoining  areas  of  the  retina  show  that  papers 
of  varying  degrees  of  greyness,  or  brightness,  when  viewed  with  one 
eye  through  a  dark  tube,  the  other  eye  meanwhile  being  directed  at 
the  white  wall,  will  all  appear  much  brighter  than  without  the  tube. 
Finally  a  paper  is  selected  whose  enhanced  physiological  brightness 
is  the  same  as  that  of  the  wall.  When  the  tube  is  removed  the  enhanced 
part  of  the  brightness  also  disappears  and  the  paper  is  seen  by  the 
unaided  eyes  darker  than  the  wall,  as  of  course  it  should  be. 

In  the  second  part  of  the  experiment  if  one  eye  is  closed  or  blind- 
folded while  the  other  is  used  to  fixate  the  edge  of  the  paper,  the 
result,  as  shown  by  the  experiments  of  the  writer,  is  that  both  wall 
and  paper  must  appear  darker.  On  one  side  of  the  median  line  of  the 
active  retina  is  the  light  from  the  darker  grey  paper,  and  on  the  other 
side  adjoining  is  the  light  from  the  brighter  wall.  These  two  in- 
fluence each  other  physiologically  by  reflex  action;  the  bright  wall 
enhances  greatly  the  brightness  of  the  darker  grey,  and  the  dark  grey 
only  slightly  enhances  the  brightness  of  the  wall,  or  if  the  grey  be  quite 
dark,  it  will  diminish  instead  of  enhancing  the  brightness  of  the  wall. 
The  enhancement  of  the  grey  paper  with  the  dark  tube  in  the  first  part 
of  the  experiment  exactly  balances,  as  the  result  shows,  the  double 
change  of  brightness  in  the  second  part. 

Parsons  further  states  that  "Hering  points  out  that  these  facts  have 
nothing  to  do  with  simultaneous  contrast  as  has  sometimes  been 
thought.  They  are  indeed  examples  of  the  association  of  ideas  or 
sympsychosis."  But  from  the  experimental  evidence  adduced  in 
this  paper,  the  effect  can  be  explained  on  physiological  principles 
without  reference  to  psychology. 
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The  usual  eflect  of  simultaneous  contrast  is  to  emphasize  and  in- 
crease liitTerences  between  Cijntiguous  lumin«jus  and  color  fields. 
Since  in  the  Hering  experiment  the  clitTerence  in  luminosity  is  eliminated 
the  elTect  may  be  termed  reversed  simultaneous  contrast  or  induction. 

In  several  places  in  this  paper  darkness  is  spoken  of  for  convenience 
as  though  it  produced  jjositive  rellex  elTects.  This  of  course  is  im- 
possible. The  apjnirent  enhancing  elTect  obtained  by  locjking  through 
a  dark  tube  may  be  accounteil  f<jr  without  difTicully.  It  is  known 
from  experiments  described  in  the  paj)er  on  reflex  visual  sensations 
previously  referred  to.  and  also  from  ligs.  11  and  12  in  this  com- 
munication, that  dim  while  light  exercises  the  greatest  reflex  effect 
in  diminishing  brightness.  If  the  eye  is  directed  at  a  while  surface 
the  light  falling  on  the  perij)heral  parts  of  the  retina  makes  a  much 
more  feeble  impressirn  than  that  on  the  central  region.  Consequently 
the  dim  light  on  the  periphery  by  its  rellex  action  diminishes  or  partially 
inhibits  the  luminous  response  of  the  central  part  of  the  retina  thus 
rendering  the  light  falling  upon  it  physiol(»gically  less  bright  than  it 
properly  should  be.  If  comj)lete  darkness  replaces  the  dim  light,  the 
inhibiting  elTect  is  removed  and  the  brightness  i)f  the  central  light  in- 
creases to  what  it  should  be.  thus  causing  the  apj)arent  enhancement. 

In  explanation  of  luminosity  contrast  between  black  and  white 
surfaces,  the  reflex  curves  in  Figs.  L>  and  14  show  that  darkjiess  en- 
hances the  ])hysiol(!gical  brightness  of  the  adjoining  light  surface, 
which  in  turn  also  causes  the  black  surface  to  appear  lighter.  This 
is  in  ctnformity  with  what  is  commonly  observed  when  a  black  square 
is  jilaced  (  n  a  wliite  surface. 

With  gray  C(  ntrasting  surfaces  of  varying  degrees  oi  lightness  there 
will  probably  be  variations  in  their  aspect  due  to  the  fact,  as  shown 
previously  in  this  paper,  that  dim  or  weak  white  light  has  effects,  both 
direct  and  reflex,  entirely  peculiar  to  itself.  These  etTects.  while 
definitely  shewn,  arc  not  yet  fully  understood,  and  the  writer  ho|)es 
to  undertake  their  investigation  as  opportunity  otTers. 

There  is  also  an  important  series  of  contrast  effects  obtained  when 
positive  colors  arc  placed  on  wliite.  black,  or  gray  surfaces.  Since  the 
direct  stimulation  of  each  retinal  area  affects  reflexly  the  contiguous 
areas,  there  will  br  a  reciprocal  modification  of  the  appearance  of  the 
contrasting  surfaces.  In  general  the  fields  surrounding  colors  w^ill  be 
tinged  with  the  complementary  of  the  active  colored  light. 

But  since  both  white  light  and  darkness  enhance  by  reflex  influence 
all  three  sensations,  but  in  imequal  amounts,  the  modification  of  the 
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contrasting  color  will  vary  with  its  hue  and  saturation.     In  general 
there  will  be  changes  both  in  hue  and  brightness. 

It  is  impossible  to  consider  in  detail  how  each  of  the  innumerable 
contrast  effects  observed  are  to  be  explained.  With  the  principle  out- 
lined above  clearly  in  mind,  the  large  numbers  of  contrast  effects 
described  by  such  authors  as  Rood^"  and  Edridge-Green^^  may  be  readily 
accounted  for. 

In  his  recent  work  on  "Colour  Vision,"  Peddie^^  introduces  the  term 
"defatigue"  which  he  thus  defines:  "Fatigue  is  evidently  an  aspect  of 
light  adaptation;  and  its  converse  the  Recovery  from  Fatigue,  or 
Defatigue,  is  an  aspect  of  dark  adaptation.  It  is  the  time  change  of 
fatigue  or  of  defatigue  which  constitutes  the  process  of  adaptation." 

In  many  places  in  his  work  Peddie  makes  great  use  of  defatigue. 
One  quotation,  p.  172,  however,  will  illustrate  his  idea  of  this  phenome- 
non. "In  a  non-uniformly  illuminated  white  field,  defatigue  of  the 
darker  parts  may  brighten  these  in  spite  of  their  own  illumination  which 
produces  fatigue,  and  fatigue  of  the  bright  parts  by  their  own  illumina- 
tion may  be  more  effective  than  their  defatigue  by  the  adjacent  less 
bright  illumination.  In  this  case  the  tendency  would  be  for  the  il- 
lumination to  become  gradually  more  uniform  in  aspect,  and  this 
effect  is  well  known.  If  one  directs  the  gaze  fixedly  towards  a  point 
in  a  shaded  part  of  a  white  ceiling,  the  shaded  parts  will  seem  to 
brighten  a^jpreciably  by  slow  degrees,  the  contrast  becomes  less  be- 
tween the  shaded  part  and  its  brighter  surroundings,  and  at  last  all 
difference  disappears  and  only  a  uniform  field  is  seen.  But  the  illusion 
is  destroyed  at  once  by  even  a  slight  motion  of  the  line  of  \ision,  as 
it  should  be." 

It  is  quite  obvious  from  the  experimental  results  discussed  in  the 
first  section  of  this  paper,  that  the  enhancement  of  the  visual  sensations 
in  one  retinal  area  by  reflex  action  from  an  adjoining  area  is  identical 
with  what  Peddie  terms  defatigue.  The  process  of  enhancement  is  so 
fundamentally  different  from  the  direct  action  of  light,  that  the  use 
of  the  word,  defatigue,  to  describe  it,  will  obscure  the  ascertained 
cause,  and  in  consequence  will  be  very  misleading.  In  the  opinion  of 
the  writer  the  word  should  not  be  employed  in  describing  the  phe- 
nomena of  enhanced  sensations. 

^  Modern  Chromatics,  Chapter  XV. 
^'  Physiology  of  Vision,  Chapter  XXVI. 
=«p.  148. 
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Since  the  six  etiuililjriuni  colors,  .660/i.  .572/i,  .52()/i,  .505/i,  .480/*, 
and  .42.>/j,  art-  incapable  of  producing  fatigue  or  enhancement,  or  at 
most  very  feeble  effects,  it  would  appear  to  follow  that  they  will  not 
modify  each  other  by  contrast,  either  in  hue  or  brightness.  White  and 
black  surfaces  also  should  not  be  modified  in  appearance  by  contrast 
with  ecjuilibrium  cok)rs,  though  these  colors  themselves  should  be 
modified,  either  in  hue  <tr  brightness  or  in  both,  by  the  white  light  or 
darkness. 

If  an  e(|uilibrium  color  is  contrasted  with  a  non-equilibrium  color, 
the  ft)rmer  should  be  modified  by  the  reflex  influence  of  the  latter,  but 
the  latter  should  experience  no  modification  either  of  hue  or  luminosity 
due  to  the  former. 

If  such  observations  were  to  be  made  as  suggested,  care  would  have 
to  be  taken  with  regard  to  the  presence  of  contiguous  dark  or  very 
bright  areas  which,  as  the  rellex  curves  show,  have  their  own  eflects  on 
the  physiological  brightness  of  colors. 

Should  it  be  found  that  slight  changes  in  the  wave  lengths  of  con- 
trasting colors  abolish  simultaneous  contrast  elTects.  the  usual  explana- 
tions of  the  phenomena  as  "due  to  unconscious  eye-movements,  to 
incipient  retinal  fatigue,  to  tluctuations  or  error  of  judgment,"  would 
at  once  be  eliminated,  and  the  reflex  principle  confirmed. 

The  writer  has  not  tested  these  deductions  from  the  principle,  and 
hence  cannot  say  whether  experiment  will  verify  them  or  not. 

Since  it  is  j)robable  that  the  three  reflexes  develop  in  unequal  times, 
it  would  appear  to  follow  that  the  contrast  effects  produced  by  inter- 
mittent vision  will  be  dilTerent  from  those  obtained  with  steady  il- 
lumination. With  intermittent  illumination  the  equilibrium  colors 
may  also  produce  contrast  efTects. 

In  the  former  paper  on  reflex  \'isual  sensations.^  it  was  briefly 
pointed  out  that  binocular  contrast  was  explained  by  the  reflex  cfl'ects 
of  color  being  transferred  from  one  eye  to  tlie  other.  The  exi)lanation 
is  identical  with  that  for  monocular  contrast  herein  described.  For 
the  persistency  curves  obtained  by  reflex  acti()n  from  one  eye  to  the 
other  arc  identical  with  those  obtained  from  one  retinal  area  to  another, 
with  the  partial  excepti<m  of  the  influence  of  darkness. 

It  has  been  fomul  by  Mayer^  that  contrast  effects  were  i>erceptible 
when  the  illumination  of  the  colors  was  obtained  from  an  electric  spark, 

»  J.  O.  S.  .\.  &  R.  S.  I.,  p.  58,^  192.^. 

*.\ni.  Jour.  Sci.,  July,  ISQ.v    Also  Luckicsh,  Color  and  Its  Applications,  p.  178. 
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the  duration  of  which  was  of  the  order  of  one  ten-millionth  of  a  second. 
But  in  such  experiments  care  must  be  taken  to  distinguish  between  the 
time  of  the  physical  stimulus  and  the  duration  of  the  physiological 
effects  of  momentary  stimulation.  With  this  distinction  in  mind,  these 
observations  are  not  at  variance  with  the  reflex  principle.  For  it  has 
been  found  in  the  study  of  reflex  action  generally  that^^  "the  discharge 
from  a  reflex  arc  does  not,  as  a  rule,  cease  when  the  stimulus  ceases, 
often  lasting  for  five  seconds  or  more.  The  duration  is  proportional 
to  the  intensity  of  the  stimulus.  With  a  weak  stimulus,  the  response 
may  not  appear  at  ail  until  after  the  actual  period  of  stimulation  has 
passed." 

It  has  been  widely  recognized  that  the  phenomena  of  simultaneous 
and  also  of  successive  contrast  involve  processes  occurring  in  the  visual 
centres,  and  on  that  account  they  have  been  regarded  as  psychological 
in  their  nature.  The  reflex  principle  seems  happily  to  combine  the 
physiological  and  the  apparently  psychological  factors.  For  the  direct 
stimulation  of  the  afferent  nerve  fibres  must  first  be  conveyed  to  the 
visual  centres,  and  there  excite  activity  in  the  efferent  nerves  by  means 
of  which  contrast  effects,  both  simultaneous  and  successive,  are  pro- 
duced. The  psychological  factors  are  indeed  ruled  out,  but  the  physio- 
logical reflex  still  requires  the  visual  centres  in  the  brain  for  its  operation. 
The  explanation  of  contrast  is  thus  pushed  back  one  step  further; 
but  its  ultimate  elucidation  must  rest  until  some  future  investigator 
discovers  how  the  physiological  process  is  transmuted  into  the  con- 
sciousness of  color. 

This  research  is  a  part  of  the  general  investigation  of  Color  Vision 

now  in  progress  with  the  financial  assistance  of  the  Honorary  Advisory 

Council  for  Scientific  and  Industrial  Research,  Ottawa;  to  which  body 

the  writer  desires  to  express  his  thanks. 

Department  of  Physics, 
University  of  Manitoba,  Winnipeg. 
July  10th,  1923. 


"  Principles  of  General  Physiology.     Bayliss,  p.  489,  3rd  Ed.,  1920. 
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()\  ki:iLi;x  \isr.\L  sensations* 

By  Frank  Allen 
Synopsis 

Section  I  of  this  communication  contains  a  vcr>'  brief  summary  of  prc\-ious  work  of  the 
author  on  the  application  of  tiie  method  of  the  critical  frequency  of  llicker  to  the  determina- 
tion of  the  primary  color  sensations.  Attention  is  specially  directed  to  the  fact  that  former 
investi>,'ati<)ns  were  conducted  in  a  dark  room,  so  that  while  the  rij;ht  eye  was  stimulated  by 
liu'ht  from  the  spectrum,  the  left  eye  was  in  darkness  adaptation.  It  was  Kcnerally  believed 
that  darkness  adaptation  of  one  eye  had  no  influence  uixm  the  other. 

Section  11  contains  descriptions  of  experiments  made  in  a  n)om  illuminated  by  ordinary 
dayli),'ht.  The  rif,dit  eye  was  in  dayli>;ht  adaptation  while  the  left  eye  was  fatinue<l  with  sfx-c- 
tral  lij^hts.  .\11  measurements  of  the  critical  frecjuency  of  llicker  were  made  with  the  riftht 
eye.  It  was  found  that  the  stimulus  applieti  to  the  left  eye  was  transferred  to  the  right  eye 
by  some  relle.x  process  resulting  in  an  enhancement  of  the  brightness  of  three  colors,  which 
were  always  red,  green,  and  violet.  Six  colors  were  found,  vi/,..  .W)(V,  .570»i,  .520^,  .505/i. 
AHOn  and  .425/i,  which  produced  no  ctTect.  The  rellex  antl  normal  cur\es  always  coincided 
in  two  places  which  averaged  about  .65.^  and  .5((/i.  The  magnitude  of  the  reflex  effect  is 
greatest  for  the  violet  color,  and  seems  to  \ary  as  some  inverse  function  of  the  wave  length. 

Section  III  contains  the  descripti<in  of  experiments  performed  when  the  right  eye  was 
fatigued  and  the  left  was  always  in  daylight  adaptation. 

It  was  found  that  fatigue  produced  lx)th  a  direct  and  a  rellex  eflTect.  The  red,  green, 
and  violet  colors  showed  one  elevation  of  the  fatigue  cur\e  alx)ve  the  normal  in  the  part  corre- 
sponding to  the  color  usc<I,  and  two  reflex  depressions  in  parts  corresponding  to  the  remaining 
primary  colors.  The  compound  colors,  yellow  ami  blue,  priMluciti  two  elevations  in  the 
|)arts  of  the  curves  corresponding  to  the  color  sensations  of  which  they  are  compounded,  and 
one  reflex  ilepression  in  the  part  corresponding  to  the  remaining  color.  The  numl)er  of 
elevations  or  depressions  in  each  curve  was  always  three,  corresponding  to  red,  green,  and 
violet. 

The  six  colors  mentioned  above  proiluced  no  effect,  and  are  termetl  equilibrium  colors. 

The  effect  of  darkness  adaptation  of  one  eye  u|H)n  the  other  is  shown  to  cause  a  diminution 
of  brightness  of  the  whole  spectrum.    This  is  applied  to  explain  Fixhner's  paradox. 

Section  IV  contains  theoretical  applications  to  explain  the  cause  of  the  whiteness  under- 
lying all  color  sensiitions,  successive  contrast,  binocular  contrast,  non-saturation  of  colors, 

*  Read  at  the  ^^eeting  of  the  Ro\-:il  Society  of  Canada,  Ottawa,  ^^ay.  1922.  Also  read 
at  the  Meeting  of  the  Optical  Society  of  .\merica,  Washington.  D.C.,  Oct.  27th.  1922. 
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saturation  of  colors  in  after  images,  the  duplicity  theory  of  von  Kries,  complementary  colors, 
and  to  theories  of  color  vision. 

Section  V  contains  anatomical  and  physiological  considerations  which  render  it  probable 
that  the  effects  discovered  are  due  to  a  new  kind  of  physiological  reflex  which  is  termed  a 
sensory  reflex. 

I. 

In  former  communications^  to  the  Physical  Review  and  the  Phil- 
osophical Magazine,  studies  were  made  of  the  effect  of  fatiguing  the 
eye  with  various  spectral  hues  on  the  color  sensations.  The  method 
used  was  to  determine  the  persistence  of  vision,  or,  as  it  is  less  eupho- 
niously but  more  exactly  termed,  the  critical  frequency  of  flicker,  of 
successive  colors  of  the  spectrum,  when  the  eye  was  first  in  its  normal 
and  then  in  a  fatigued  condition.  The  two  sets  of  measurements  were 
expressed  as  persistency  curves,  of  which  many  new  examples  are 
shown  in  this  communication.  The  coincidences  and  divergences  of 
the  curves  enabled  conclusions  to  be  drawn  regarding  the  number  of 
the  fundamental  color  sensations,  and  the  limits  of  the  hues  of  the 
spectrum  by  which  they  are  excited.  It  was  found  that  the  divergences 
of  the  curves,  in  the  form  of  elevations  above  the  normal,  occurred 
only  in  three  portions  which  correspond  to  the  red,  green  and  violet 
regions  of  the  spectrum.  Each  of  these  three  colors  caused  one 
elevation  in  the  part  of  the  spectrum  corresponding  to  itself;  but  the 
remaining  colors  each  caused  two  elevations  which  were  pairs  of  those 
obtained  with  simple  colors.  It  was  found  that  when  the  retina  was 
fatigued  with  the  four  colors,  .660^,  .570ju,  AIO/jl,  and  .420ju,  the 
normal  and  fatigue  curves  coincided,  and  these  transition  points  were 
believed  to  mark  the  boundaries  between  the  simple  and  compound 
colors. 

From  the  point  of  view  of  the  present  investigation,  it  is  most 
important  to  bear  in  mind  the  conditions  under  which  the  former 
curves  were  obtained.  The  Nichols  Apparatus,^  as  it  may  be  termed, 
consisting  of  a  constant  acetylene  flame,  a  rotating  sectored  disk,  and 
a  spectrometer,  with  suitable  electric  recording  devices  for  measuring 
the  speed  of  the  disk,  was  set  up  in  a  dark  room.  The  normal  curve 
was  made  with  the  right  eye  when  both  eyes  were  in  daylight  adapta- 
tion. The  fatigue  curves  were  obtained  while  the  observer  stayed  in 
the  dark  room  continuously  for  from  two  to  three  hours.     Thus  the 

1  Phil.  Mag.  3S,  p.  56;  1919. 
Phys.  Rev.  11,  p.  257;  1900. 

2  E.  L.  Nichols,  Am.  Jour.  Sci.  JS;  1884.  Also,  Allen,  Phil.  Mag.  loc.  cit.  and  Phys. 
Rev.  loc.  cit. 
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k'fl  eye  of  the  ubservtr  was  in  c(»niinuous  darkness  adaptation  while 
the  ri<i;ht  eye  was  being  fatigued.  When  these  curves  were  being 
obtained,  it  was  supposed  that  the  simplest  condition  of  the  eye  pre- 
vailed. It  was  not  suspected  in  the  least  that  darkness  adaptation  of 
one  eye  affected  the  other.  It  must  not.  however,  be  inferred  from 
the  new  curves  about  to  be  considered  that  the  old  are  wrong,  but  only 
that  they  represent  the  combined  elTect  of  fatigue  of  one  eye  and  the 
transferred  elTect  of  darkness  adaptation  of  the  other. 

II.     Reflex  Curves 

The  experiments  now  to  be  described  differ  from  those  just  referred 
to.  in  two  important  particulars.  First,  the  traditional  dark-room, 
inherited  from  Xewton.  was  abandoned,  and  the  ai)paralus  trans- 
ferred to  a  room  well  illuminated  by  ordinary  daylight.  Second,  the 
left  eye  only  was  maintained  in  a  state  of  fatigue  and  the  critical  time 
of  flicker  was  measured  by  the  right  eye  which  was  constantly  in  dav- 
light  adaptation.  The  instruments  were  properly  screened  from  all 
extraneous  light,  and  a  shield,  fitted  to  the  eye.  was  attached  to  the 
eyepiece  of  the  observing  spectrometer,  which  enabled  all  measure- 
ments to  be  made  under  exactly  the  same  conditions.  So  constant  were 
the  acetylene  flame,  which  supplied  the  observing  spectrum,  the 
position  and  adjustments  of  all  apparatus,  and  notably  the  retina  in  its 
ordinary  condition,  that  the  normal  curve  remained  the  same  for  the 
five  months  during  which  these  researches  were  in  pr(»gress.  The  use 
of  a  lighted  room  also  enabled  the  work  to  be  done  under  far  more 
agreeable  physical  conditions,  and  the  curves  are  much  more  fully  and 
exactly  determined  than  formerly. 

The  spectrum  used  for  fatigue  was  obtained  from  an  arc  light  with 
a  two-prism  Browning  spectrometer,  and  was  so  intense  that  the  colors 
in  the  middle  approached  whiteness  in  appearance.  A  narrow  but 
quite  long  rectanguhir  portion  was  isolated  with  a  shutter  eyepiece 
and  the  wave  lengths  mentioned  in  this  paper  are  for  the  centre  of  this 
band.  The  measurements  were  made  upon  a  much  shorter  and  sh'ghtly 
narrower  band  in  the  eyepiece  oi  a  four-prism  Hilger  spectrometer. 
The  centre  of  the  retina  in  each  eye  alone  was  used. 

In  making  observations,  an  invariable  procedure  was  followed.  First, 
all  instruments  were  placed  in  adjustment  and  in  readiness  for  record- 
ing the  speed  of  the  disk;  second,  the  eye  was  exposed  to  the  fatiguing 
light  for  from  two  to  three  minutes;  and.  finally,  the  speed  of  the  disk 
was  adjusted  for  the  critical  frequency  of  flicker  and  recorded.    Only 
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one  fatiguing  color  was  used  on  any  day,  except  for  some  partial 
curves.  The  time  required  to  obtain  all  the  measurements  for  a  curve 
was  about  three  hours,  sometimes  employed  continuously,  sometimes 
divided  into  two  portions.  At  least  two  independent  chronographic 
records,  each  giving  several  readings,  were  made  for  each  point  of  a 
curve.  The  values  used  in  plotting  were  usually  means  of  six,  except 
for  the  ends  of  the  spectrum.  The  character  of  the  curves  was  de- 
termined by  the  first  set  of  readings;  but  for  the  sake  of  smoothness, 
which  is  the  obvious  characteristic  of  the  spectrum,  additional  readings 
were  taken  for  all  doubtful  or  apparently  misplaced  points.  As  all 
conditions  were  constant  there  was  no  limit  to  the  number  of  determi- 
nations which  might  be  made.  In  each  figure,  two  curves  are  plotted, 
one,  the  normal  or  reference  curve,  which  throughout  is  uniformly 
shown  as  a  dashed  line,  the  second,  that  which  is  obtained  with  the  eye 
in  some  abnormal  condition.  With  no  exception,  all  curves  described 
in  this  paper  were  made  with  the  right  eye  of  the  author. 

The  two  curves  are  plotted  together  to  the  same  scale,  and  by  their 
coincidences  and  divergences  show  the  effect  of  the  color  stimulus 
under  study,  as  far  as  it  can  be  shown  by  this  method. 

At  the  bottom  of  each  figure  the  same  curves  are  reproduced  in 
another  form  by  giving  the  normal  curve  an  arbitrary  value  of  100  in 
all  parts,  and  reducing  the  other  curve  in  the  same  proportion.  This 
enables  the  position  and  extent  of  the  divergences  to  be  readily  seen. 
The  position  of  the  fatiguing  color  is  indicated  by  a  short,  vertical  line. 

The  retina  is  not  very  sensitive  to  small  changes  in  the  brightness  of 
colors  when  directly  observed.  But  a  variation  in  brightness  that 
changes  the  mean  value  of  the  critical  frequency  of  flicker  by  0.0002 
second  can  quite  confidently  be  measured  for  the  brighter  colors  in 
the  middle  of  the  spectrum.  It  is  known^  "that  the  point  of  fusion  of 
intermittent  stimuli,  so  as  to  produce  a  continuous  sensation,  depends, 
not  on  the  physical  intensities  of  the  stimuli,  but  on  their  physiological 
intensities,  as  determined  by  the  condition  and  nature  of  the  stimu- 
lated retina."  It  has  also  been  proved  by  Ferry*  and  by  T.  C.  Porter^ 
"that  the  duration  of  the  undiminished  sensation  produced  by  differ- 
ent spectral  hues  depends  solely  on  the  luminosity  of  the  colors  and 
not  on  their  wave  frequency."^     We  are  justified  therefore  in  inter- 

^  Quoted  from  Rivers  in  Parsons,  "Colour  Vision,"  p.  95. 
^  Am.  Jour.  Sci.  3,  p.  44;  1892. 
*  Proc.  Roy.  Soc.  63;  1898. 
^  Parsons,  loc.  cit.  p.  96. 


Aug.,  V)2.M 


ki.ii.j.v  \isLAi.  m;.\satio\s 


587 


prcling  an  cli-valinii  of  the  abiioriiial  curve  above  the  normal  as  a 
decrease  in  the  i)hysiolo{^ical  brightness  of  the  corresponding  part  of 
the  spectrum;  a  depression  beh)W  the  normal  as  an  increase  in  the 
brightness;  and  coincidence  of  them  as  indicating  no  change  whatever. 

At  the  outset  it  was  a  matter  of  conjecture  what  changes  would 
occur  to  one  eye  when  the  other  was  fatigued.  The  character  of  the 
curves  could  not  in  the  least  be  anticipated.  That  certain  color  and 
light  effects  are  transferred  from  one  eye  io  the  other  is  well  known. 
An  observation  of  liurch's"  which  the  author  happened  upon  during 
the  progress  of  the  investigation,  is  connected  with  this  subject  and  has 
possibly  some  practical  applications  in  connection  with  the  use  of  the 
microscope  and  telescope.  Burch  observed  that  when  one  eye  is 
illuminated  by  bright  while  light,  the  scintillations  in  a  spinthariscope 
are  rendered  much  more  brilliant  to  the  other  eye  which  has  meanwhile 
been  kept  in  darkness. 

The  curves  were  not  obtained  in  the  systematic  order  in  which  they 
are  here  presented,  and  the  i)recisc  colors  used  were  selected  for 
reasons  which  presented  themselves  as  the  work  progressed.  The  data 
for  all  the  curves  discussed  in  this  section  are  given  together  in  Table  1. 

IaBLK  1.     Reflex  Curves 
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Burch:   "Physiological  Optic?."  p.  91. 
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Table  1.      Reflex  Curves  (continued) 
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.0450 

.0436 

.0463 

.0454 

.0455 

.0437 

.0425 

X 

.425m 

.420m 

.410m 

White 

Dark- 
ness 

750m 

Sec. 
0.0356 
.0333 

Sec. 
0.0348 
.0325 

Sec. 

0.0341 
.0319 
.0296 
.0271 
.0254 
.0234 
.0200 
.0173 
.0153 
.0140 
.0134 
.0140 
.0153 
.0193 
,0234 
,0259 
,0306 
.0358 
.0400 
.0432 

Sec. 
0.0337 
.0314 

Sec. 
0.0390 
,0353 

740 

730 

.720 

.0284 

.0278 

.0267 

,0302 

.710 

700 

.0246 
.0196 
.0173 
.0160 
.0153 
.0148 
.0152 
.0164 
.0205 
.0248 
.0282 
.0331 
.0392 
.0430 
.0457 

.0240 
.0203 
.0173 
.0161 
.0151 
.0144 
.0151 
.0160 
.0204 
.0260 
.0288 
,0333 

.0422 
.0456 

.0232 

.0260 

.680 

660 

.0164 
.0153 
.0145 
.0138 
.0143 
.0155 
.0194 
.0237 

.0190 
.0173 
.0161 
.0156 
.0163 
.0178 
.0222 
.0271 

640 

620 

590 

550 

.  530 

.500 

480 

.467 

450 

.0319 
.0360 

.0363 
.0433 

.433 

.420 

410 

.0426 

.0499 

.... 
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The  first  (ur\L-  to  he  discussed  was  nearly  the  last  to  be  secured. 
The  left  eye  was  fatigued  with  the  red  light  of  wave  length  .740^.  as 
bright  as  it  could  be  obtained  in  the  arc  spectrum  employed.  The 
curve  is  shown  in  Tig.  1.  There  are  three  slight  depressions  of  the 
abnormal  curve  below  the  normal,  one  occurring  at  each  end,  corre- 
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sponding  to  tlie  red  and  violet  regions  of  the  spectrum,  and  the  third 
in  the  middle  corresj)onding  to  the  green.  The  depressions  are  not 
conlined  to  the  jirecise  limits  of  these  colors  but  extend  intt)  the 
surrounding  regions.  The  conclusii»n  is  at  once  evident  that  the  effect 
of  fatigue  of  the  left  eye  has  been  transferred  to  the  right  eye  by  some 
recii)rocal  or  rellex  visual  process,  and  there  results  in  an  enhance- 
ment of  the  brightness  of  three  spectral  regii»ns.  The  three  depressions 
are  separated  by  two  coincidence  j^oints  at  about  .()4/u  and  .52pi. 
where  the  normal  Mui  abnormal  curves  coincide,  or  approach  each 
other  liost  ly.  The  curve  obtained  when  the  fatiguing  color  was  .69()/x 
is  shown  in  I  ig.  1.  The  depressions  are  greatly  deepened  indicating 
that  the  rellex  etTect  of  this  color  is  much  greater  than  that  of  the 

Note.      In  most,  and  perhaps  all.  of  the  cur\'es  the  greatest  enhancement  '•^  •.ini!i!.  - 
mentary  to  the  fatiguing  color. 
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preceding.  In  Fig.  3  is  shown  the  reflex  curve  for  .687)u,  which  ex- 
hibits the  maximum  effect  for  red  colors.  The  curve  for  the  reflex 
effect  of  .677^1  in  Fig.  4  shows  a  diminution  of  the  amount  of  enhance- 
ment of  the  brightness.  These  four  curves  are  of  the  same  type,  but 
in  addition  to  the  varying  magnitude  of  the  reflex  effects  they  show 
that  the  two  coincidences  of  the  curves  do  not  occur  at  exactly  the  same 
points.  We  may  conclude,  however,  that  there  are  always  two  coinci- 
dences which  occur  near  the  wave  lengths,  .66/x  and  .SOfx. 

It  now  became  of  great  interest  to  ascertain  whether  the  transition 
colors  would  exhibit  any  reflex  effects.  The  transition  color  .660/i 
was  employed  as  the  fatiguing  stimulus  with  the  result  shown  in  Fig.  5. 
The  curves  coincide  throughout  their  length  show^ing  that  the  bright- 
ness of  the  spectrum  appears  the  same  as  when  the  eye  is  normal. 

The  narrowness  of  this  peculiar  region  is  well  brought  out  by  the  fact 
that  when  the  color  .660/i  was  obtained  from  a  spectrum  formed  by  a 
single  prism,  slight  depressions  resulted.  The  single  prism  spec- 
trometer with  its  insufficient  dispersion  of  the  red  was  therefore 
replaced  by  one  with  two  prisms  as  described  above. 

As  the  peculiarity  of  the  action  of  the  transition  colors  is  later 
explained  as  due  to  equilibrium  between  their  direct  and  reflex  effects, 
the  transition  points  will  subsequently  be  termed  equilibrium  points  or 
colors. 

In  Fig.  6  the  central  portions  of  the  above  curves,  together  with  that 
for  .657ju,  are  shown  together.  The  data  are  collected  in  Table  2. 
The  reflex  effect  increases  to  a  maximum  for  .687ju  and  thence  falls  off 
rapidly  with  increase  of  wave  length  to  .lAOfx  which  is  the  longest  wave 

Table  2.    Partial  Reflex  Curves 


X 

Normal 

.657m 

.660m 

.677m 

.687m 

.690m 

.  740m 

Sec. 

Sec. 

Sec. 

Sec. 

Sec. 

Sec. 

Sec. 

.660m 

0.0174 

0.0171 

0.0173 

0.0174* 

0.0172 

0.0172 

0.0172 

.640 

.0159* 

.0157 

.0160* 

.0156 

.0151 

.0156* 

.0158 

.620 

.0152 

.0149 

.0154 

.0148 

.0141 

.0147 

.0148 

.590 

.0148 

.0144 

.0147 

.0140 

.0135 

.0139 

.0143 

.550 

.0155 

.0150 

.0152 

.0148 

.0142 

.0146 

.0148 

.530 

.0165 

.0160 

.0164 

.0161 

.0154 

.0157 

.0159 

.500 

.0209 

.0212 

.0207 

.0212 

.0208* 

,0204 

.0201 

*Values  not  read,  but  obtained  from  full  curves. 

Studied.    It  seems  probable  that  the  reflex  effects  of  still  greater  wave 
lengths  would  quickly  become  negligible,  unless,  indeed,  there  is  an 


^/A 

I 
le»     Curve 

1   a^.. 

No>-rv^al       ;> 

- 1 

0015 


O  CIS 


kof-    kS      50 


a.sif     Lfewftk 

5l^      6o  ^  t^ 


to       7i 


Fig.  3 


^3/^' 


o  0/5 


o  ois 


/fo^*     Vi"       50        i^       to  "    bS       70        IS 

Fig.  4 


Ice    ._ 

«0 


Reflex    Curve 

^        Norma.* 
Eoui'ibr 


iUlk       l..tt 


J / 


y 


>-^.r  ^"l 


,-,.—  »-• 


-oU-ii- ,- 


-t 


wa  vf     L#  n  at  h [_ 

Vc^    I,  >       So       S3      tt  ■'   t5-      7^       VF 
Fig.  5 


592 


Frank  Allen 


[J.O.S.A.  &  R.S.I.,  7 


equilibrium  point  at  some  region  beyond,  a  supposition  to  which  no 
support  is  given  by  the  sensation  curves  of  Abney  and  of  Konig,  Fig.  34. 
This  diminishing  reflex  effect  with  increasing  wave  length  affords  an 
explanation  of  certain  interesting  experiments  of  Edridge-Green,  which 
are  later  discussed. 

The  reflex  effect  of  the  fatiguing  color  .625/x  is  shown  in  Fig.  7. 
The  three  depressions  in  the  curve,  corresponding  to  the  ends  and 
middle  of  the  spectrum  are  well  exhibited,  and  the  coincidences  as  be- 
fore are  at  the  wave  lengths  .66ju  and  .50^t.  There  can  be  no  doubt 
that  the  reds  whose  reflexes  were  just  studied  are  simple  colors,  and 
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Fig.  6.    Partial  Reflex  Curves. 
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that  the  color  .625iu  is  compound.  Yet  the  same  reflex  depressions 
occur  for  both.  Since  red  affects  all  three  color  sensations  that  are 
possible  according  to  the  three-component  theory,  a  compound  color, 
.625ju,  can  aff"ect  no  more.  The  inferences  to  be  drawn  from  the  curves 
in  question  are  therefore  not  contradictory. 

In  Fig.  8  the  reflex  effect  of  .577ju  is  displayed.  This  is  near  the 
brightest  part  of  the  spectrum,  which  probably  accounts  for  the  large 
reflex  effect  obtained.  There  are  two  well  marked  depressions;  but  the 
larger,  extending  from  the  coincidence  point  ASjj.  to  the  end  of  the 
red,  has  a  slight  indication  of  a  division  into  two  parts. 
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The  second  equilibrium  color  .570/x  was  then  made  the  fatiguing 
stimulus  and  a  curve  similar  to  that  in  Fig.  5  obtained.^  As  with  the 
preceding  equilibrium  point,  complete  coincidence  with  the  normal 
resulted. 

In  Figs.  9  and  10  are  shown  the  reflex  effects  obtained  with  the 
fatiguing  colors  .550ju  and  .530ix  respectively.  As  is  to  be  expected, 
both  curves  are  of  the  same  type,  with  the  three  well  marked  depres- 
sions separated  by  the  coincidence  regions  .66ju  and  .50ju.  The  magni- 
tude of  the  reflex  effects  is  noticeably  greater  for  the  shorter  wave 
than  for  the  longer. 

In  the  paper^  on  the  discovery  of  the  transition  points,  it  was  found 
that  a  transition  region  extended  from  about  .460^1  to  .480/i.  This 
was  considered  to  be  due  to  the  wide  dispersion  of  the  blue  in  the 
prismatic  spectrum.  If  that  explanation  w^re  true,  the  transition  or 
equilibrium  region  in  the  violet  should  possess  a  still  greater  width. 
This  was  found  not  to  be  the  case. 

A  study  of  the  sensation  curves  of  Abney  and  of  Konig,  Fig.  34,  sug- 
gested a  better  explanation.  The  region  lying  between  .480ju  and  .520/i 
is  visually  by  far  the  most  complex  in  the  spectrum,  as  the  sensation 
curves  there  have  two,  and  according  to  some  three,  intersections,  and 
the  curve  for  red  has  in  that  neighborhood  also  its  more  refrangible 
end.  It  seemed  probable  therefore  that  two  or  possibly  three  addi- 
tional equilibrium  points  might  exist  close  together.  As  a  strongly 
marked  reflex  depression  always  occurs  in  the  green-yellow  part  of 
the  spectrum,  which  is  also  the  easiest  to  measure  with  accuracy,  a 
series  of  partial  curves  for  thirteen  colors  extending  from  A95fjL  to 
.523^1,  inclusive,  was  obtained  in  a  short  time.  The  data  for  these  are 
given  in  Table  3  and  the  curves  are  all  plotted  in  Fig.  11.  The 
results  verified  the  anticipation.  Two  additional  equilibrium  points 
were  discovered  at  the  wave  lengths  .520;u  and  .505ju,  and  the  previ- 
ously known  equilibrium  point  at  .480/i  was  verified.  Full  persistency 
curves  were  now  made  for  each  of  these  colors,  which  are  similar  to 
that  in  Fig.  5.  These  curves  are  completely  coincident  with  the 
normal. 

The  eft"ects  of  the  intermediate  colors  .515^  and  .495ju  were  then 
investigated  with  the  results  shown  in  Figs.  12  and  13.  In  both  curves 
are  seen  the  three  familiar  depressions,  and  the  two  coincidence  points 

^  As  all  curves  obtained  with  the  equilibrium  colors  are  coincident  with  the  normal, 
only  that  in  Fig.  5,  for  .660/i,  is  shown. 
»  Phil.  Mag.  38,  p.  69;  1919. 
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situated  as  before.     It  is  especially  io  be  noted  that  no  new  parts  of 
the  spectrum  are  enhanced  in  brightness. 

The  retlex  elTects  of  the  two  colors  .46U/i  and  .45()/i  are  given  in 
Figs.  14  and  15,  respectively.  The  three  depressions  and  the  two 
coincidence  pcjints  occur  as  before. 
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The  last  equilii)rium  color  as  previously  tlelerniined  was  of  the 
wave  length  .42())u.  This  was  now  examined  for  its  rellex  etTect.  The 
curve  is  sh(twn  in  Fig.  16.  Three  small  depressit)ns  are  produced. 
The  color  .425^  was  then  emj)loyed  with  the  result  that  this  was 
proved  to  be  the  real  equilibrium  jjoint.  The  curve  is  like  that  in  Fig. 
5.  As  the  original  points  were  discovered  when  darkness  adaptation 
alTccted  fatigue,  the  discrepancy  in  the  determination  of  this  point,  and 
also  in  the  result  for  .460/u.  seems  fully  explained. 

The  last  color  to  be  discussed  is  the  violet  of  wave  length  .410/i. 
Some  curiositv  was  aroused  as  to  whether  it  would  show  anv  reflex 
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Table  3.    Partial  Reflex  Curves 


X 

Normal 

.470m 

.475m 

.480m 

.485m 

.490m 

.495m 

Sec. 

Sec. 

Sec. 

Sec. 

Sec. 

Sec. 

Sec. 

.620m 

0.0152 

0.0152 

0.0153 

0.0151 

0.0151 

0.0148 

0.0148 

.590 

.0148 

.0143 

.0145 

.0148 

.0146 

.0140 

.0141 

.550 

.0155 

.0148 

.0149 

.0153 

.0150 

.0146 

.0146 

.530 

.0165 

.0154 

.0159 

.0163 

.0156 

.0160 

.0157 

.500 

.0209 

.0193 

.0193 

.0206 

.0199 

.0198 

.0204 

X 

.500m 

.505m 

.510m 

.515m 

.518m 

.520m 

.523m 

Sec. 

Sec. 

Sec. 

Sec. 

Sec. 

Sec. 

Sec. 

.620m 

0.0154 

0.0153 

0.0153 

0.0153 

0.0152 

0.0154 

0.0150 

.590 

.0144 

.0148 

.0143 

.0144 

.0144 

.0147 

.0144 

.550 

.0149 

.0153 

.0148 

.0147 

.0150 

.0153 

.0148 

.530 

.0158 

.0165 

.0159 

.0156 

.0157 

.0161 

.0158 

.500 

.0200 

.0213 

.0188 

.0202 

.0196 

.0207 

.0203 

effects  at  all,  on  account  of  its  low  intensity,  which  the  luminosity 
measurements  of  Abney^°  show  to  be  about  one  seven-hundredth  of  the 
brightness  of  yellow.  The  result  given  in  Fig.  17  was  most  surprising. 
Two  very  large  reflex  depressions  were  obtained,  the  larger  of  which 
covering  the  more  refrangible  part  of  the  spectrum  from  the  coinci- 
dence point  at  .66jLt  is  partly  divided  into  two  smaller  ones  at  the  second 
coincidence  point  .SO/z. 

A  comparison  of  the  curves  for  AlOp.  and  .577/x,  Figs.  17  and  8, 
shows  that,  so  far  as  luminosity  is  concerned,  violet  is  quite  seven 
hundred  times  as  powerful  as  yellow  in  exciting  reflex  effects.  This  is 
probably  explanatory  of  the  conclusions  of  Rood^^  in  respect  of  comple- 
mentary colors:  "A  violet  which  appears  to  the  eye  quite  dark,  is 
able  to  balance  a  bright  greenish-yellow  and  form  with  it,  white,  and 
the  same  is  true  of  ultra-marine  blue  and  yellow.  There  is  another 
way  of  stating  these  facts:  we  can  say  that  in  mixtures,  violet  has  a 
greater  power  of  saturation  than  any  of  the  colors;  next  follows 
ultra-marine  blue;  then  red  and  cyan-blue  about  the  same,  then 
orange  and  green  about  the  same,  and  finally,  yellow." 

In  Fig.  18,  the  reduced  curves  at  the  bottom  of  each  figure  including 
all  the  equilibrium  curves,  are  gathered  together.  Each  fatiguing  color 
is  indicated  by  a  small  vertical  line  below  the  corresponding  curve. 

'"  Abney:   "Researches  in  Colour  Vision."  p.  94. 
'1  "Modern  Chromatics,"  p.  165. 
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The  depressions  and  coincidences  are  all  seen  together,  and  the  general 
uniformity  in  extent  and  position  is  evident.  The  relative  depths  of  the 
depressions  pr<jbaljiy  indicate  the  magnitude  of  the  reflex  process,  but 
this  cannot  he  fully  appreciated  unless  it  can  be  connected  with  the 
luminosity  or  the  wave  length  of  the  colors,  or  with  both. 
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In  these  exi)erinienls  the  fatigue  was  isolateil  in  one  eye.  and  the 
retlex  etYects.  which  occur  in  both,  were  isolated  in  the  other,  and 
theretore  can  be  studied  i)y  themselves.  We  are  justified  in  con- 
cluding that  every  ray  of  ligiit  excites  in  the  visual  apparatus  reciprocal 
or  retlex  ctTects  which  enhance  the  brightness  of  three  parts  of  the  spec- 
trum corresponding  to  red,  green,  and  violet.     It  is  probable  that  the 
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relative  actions  on  the  three  sensations  vary  with  the  exciting  color, 
and  range  from  the  pronounced  effects  described  in  these  experiments 
to  the  refined  gradations  accompanying  the  most  delicate  shades  of 
color.  The  magnitude  of  the  reflex  sensations  seems  to  be  propor- 
tional to  some  extent  to  the  luminosity  of  the  color  stimulus,  but 
varies  to  a  far  greater  extent  inversely  as  some  function  of  the  wave 
length.  The  strong  reflex  effects  of  the  violet  probably  merge  gradually 
into  the  painful  and  destructive  action  which  ultra-violet  waves  exer- 
cise on  the  retina. 

If  all  the  reflex  curves  were  to  be  plotted  together,  the  resultant 
might  be  interpreted  as  the  effect  to  be  produced  if  white  light  were 
used  for  the  purpose  of  fatigue.  This  experiment  was  tried  with  white 
light  and  the  curve  in  Fig.  19  plotted  from  the  measurements  obtained. 
The  whole  curve  lies  below  the  normal,  indicating  that  the  reflex  effect 
of  white  light  enhances  the  brightness  of  all  parts  of  the  spectrum.  The 
reduced  curve  in  the  lower  part  of  the  figure  has  three  slight  depressions 
which  show  that  white  light  recognizes,  as  it  were,  the  three  color 
sensations.  Possibly  this  result  may  have  some  bearing  on  the  ques- 
tion as  to  whether  white  light  is  a  mixture  of  color  waves  or  an  irregu- 
lar disturbance  in  the  ether  which  is  resolved  into  periodic  elements 
by  the  prism.  Such  evidence  as  these  curves  afford  inclines  to  the 
former  view. 

III.     Fatigue  Curves 

It  seemed  incredible  that  reflex  effects  of  such  magnitude  as  have  just 
been  described  should  not  betray  themselves  in  the  same  eye  that  was 
fatigued.  Yet  the  numerous  curves  previously  published  and  referred 
to  above  in  Section  I,  were  apparently  devoid  of  reflex  depressions. 
While  the  preceding  experiments  were  in  progress,  it  was  recalled  that 
in  the  author's^"  first  paper  on  color  vision  very  slight  depressions 
had  been  found  and  commented  upon  as  possibly  indicative  of  enhance- 
ment of  sensations.  With  one  exception,  the  green,  they  were  too 
small  to  be  of  evidential  value,  and  they  were  gradually  forgotten.  As 
the  former  experiments  were  made  with  the  unfatigued  eye  in  darkness 
adaptation,  it  was  finally  suspected  that  darkness  itself  produced  a 
reflex  effect,  or  something  analogous  to  it,  which  diminished  rather  than 
enhanced  the  brightness  of  colors.  Certain  curves  exhibiting  the 
effect  of  darkness  had  previously  been  obtained, ^^  here  reproduced  in 

12  Phys.  Rev.  11,  274;  1900. 
'3  Phys.  Res.  11,  p.  265;  1900. 
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Fi^.  3i,  which  showed  elTects  of  about  the  same  magnitude  as  the 
rellex  ilej)ressions.  but  acting  in  oppositi<*n  to  them.  It  seemed  likely 
theref(jre  that  darkness  adaptation  of  one  eye  had  masked  or  balanced 
the  reflex  action  of  light  in  the  (Uher. 

Table  4.    Fatigiu  Curves 


X 

Normal 

.687m 

1 
.670m 

.660m 

.S89m 

.570m 

.550m 

Mdn 

Sec. 

Sec. 

Sec. 

Sec. 

Sec. 

Sec. 

Sec. 

Sec. 

.750^ 

0.0360 

0.0382 

O.O.Wl 

0.0358 

0.0374 

0.0353 

0.0310 

0.0321 

.740 

.0335 

.0356 

.0362 

.0338 

.0351 

.0332 

.0293 

.0300 

.720 

.0287 

.02W 

.0311 

.02K2 

.0297 

.0289 

.0248 

.0264 

.700 

.0244 

.0261 

.0201 

.0237 

.0260 

.0245 

.0215 

.0225 

.680 

.0205 

.0214 

.0218 



.0192 

.660 

.0174 

.0176 

.0181 

.0173 

.0184 

.0171 

.0166 

.0170 

.640 

.0160 

.0163 

.0160 

.0160 

.0157 

.0156 

.0158 

.620 

.0152 

.0149 

.0148 

.0151 

.0154 

.0150 

.0151 

.0153 

.590 

.()14.S 

.0141 

.0144 

.0147 

.0157 

.0146 

.0150 

.0151 

.550 

.0155 

.0147 

.0151 

.0157 

.0175 

.0154 

.0169 

.0166 

.530 

.0165 

.0156 

.0159 

.0163 

.0183 

.0167 

.0182 

.0183 

.500 

\)1(Y) 

.0206 

.020S 

.0207 

.0204 

.0204 

.0202 

.0207 

.480 

.0255 

.0254 

.0254 

.0251 

.0241 

.0250 

.0230 

.0233 

.450 

.0336 

.0326 

.0329 

.0333 

.0321 

.0328 

.0305 

.0310 

.433 

.0372 

.0380 

.0393 

.0365 

.0384 

.0.^2 

.0362 

.420 

.0431 

.0411 

.0414 

.0429 

.0413 

.0427 

.0407 

.039S 

.410 

.045y  ) 

.0440 

.0442 

.0405  i 

.0440 

.0470  j 

.0430  i 

.0428 

.515m 


.750m 

.740 

.720 

.700 

.680 

.660 

.640 

.620 

.590 

.550 

.530 

.500 

.480 

.467 

.450 

.433 

.420 

.410 


0.0362 
.0335 
.0282 
.0250 

.0173 
.0162 
.0151 
.0148 
.0155 
.0106 
.0202 
.0258 

.O.v>J 

.0430 
.0460 


.5u5m 


Sec. 
0.0342 
.0319 
.0273 
.0235 

.0177  j 

OKA 

.0157  ' 

.0153 

.01f)0 

.0171 

.0205 

.0241 

.0270 

.0315 

.03()5 

.0399 

.0427 


Sc-c. 
0.0354 
.0328 
.0284 
.0243 

.0174 
.016.5 
.0152 
.0147 
.0154 
.0162 
.0204 
.0252 

.0335 

.0428 
.0467 


.495m 


Sec. 
0.0.U1 
.0321 
.0275 
.0234 

OKkS 
.0155 
.0147 
.0142 
.0145 

OKvS 
.0200 
.0242 
.0290 
.0349 
.0414 
.0454 
.0488 


.480m 


Sec. 
0.0361 
.0333 
.0286 
.0247 

.0171 
OKk? 
.01,54 
.0148 
.01. >4 
.0165 
.0210 
.0252 

.0.541 

.04.55 
.0467 


.450m 


Sec. 
0.0325 
.0305 
.0271 
.0236 

.0181 
.OKkS 
.01.^9 
.0153 
.0162 
.OKkS 
.0214 
.0267 

.0351 
.0411 
.0466 
.0502 


.425l 


Sec. 
0.0362 
.0337 
.0286 
.0243 

.0175 
.0162 
.0155 
.0149 
.0153 
.0166 
.0205 
.0259 

.0340 

.0431 
.0456 


.410m 


Sec. 
00.542 
.0319 
.0278 
0238 
.0194 
.0172 
.0159 

.0142 
.0146 
.0157 
.0206 
.0270 
.0304 
.0367 
.0420 
.0459 
.04'^  1 
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A  new  set  of  persistency  curves  was  next  obtained  with  the  right 
eye  in  a  state  of  fatigue  and  at  the  same  time  the  left  maintained  in 
dayhght  adaptation.  The  results  completely  verified  the  anticipation, 
and  supplement  in  a  remarkable  way  those  curves  already  described. 

The  first  color  used  to  fatigue  the  eye  was  red  of  wave  length  .687ju. 
The  measurements  are  given  in  Table  4  with  those  for  all  the  curves 
of  this  series.  The  results  are  shown  in  the  curve  in  Fig.  21.  The 
fatiguing  action  produced  an  elevation  in  the  part  corresponding  to  red, 
and  two  reflex  depressions  in  the  parts  corresponding  to  violet  and 
green.  Two  coincidence  or  intersection  points  are  found  as  before  at 
the  same  wave  lengths  .66/x  and  .50ju.  Since  red  light  also  produces  a 
reflex  enhancement  of  the  red,  the  elevation  is  the  algebraic  sum  or 
the  net  result  of  fatigue  and  reflex  action,  the  balance  being  in  favor  of 
the  fatigue.  Red  light  fatigue  therefore  diminishes  the  brightness  of 
red,  but  increases  the  brightness  of  both  green  and  violet.  In  Fig.  22 
the  curve  for  the  fatiguing  color  .670ju  is  shown,  which  resembles 
the  preceding  so  closely  as  to  need  no  comment. 

The  equilibrium  color  .660/x  resulted  in  a  curve.  Fig.  23,  which 
coincides  with  the  normal.  This  was  also  the  case  with  the  equili- 
brium color  .570ju.^^  The  observations  made  after  fatiguing  with  the 
intense  middle  colors  of  the  spectrum  were  at  times  rendered  trouble- 
some by  the  after  images.  In  various  ways  these  difficulties  were  sur- 
mounted and  consistent  readings  obtained. 

Only  one  color  between  the  first  two  equilibrium  points  seemed 
necessary;  that  chosen  was  .589/x,  the  curve  for  which  is  shown  in  Fig. 
24.  This  is  characterised  by  two  prominent  elevations  in  the  red  and 
green,  and  a  reflex  depression  in  the  violet.  The  coincidence  points  are 
at  nearly  the  same  places  as  before.  Since  the  charactertistic  effect 
of  fatigue  is  a  diminution  of  brightness,  elevations  will  always  indicate 
what  sensations  are  directly,  and  depressions  what  are  reflexly  affected. 
Yellow  light  therefore  directly  stimulates  the  red  and  green  sensations, 
and  by  the  sensory  reflex  process,  the  violet. 

Two  colors  in  the  green  were  used,  .SSO/j.  and  .530ju,  the  curves  for 
which  are  shown  in  Figs.  25  and  26.  The  effects  produced  are  identical, 
consisting  of  an  elevation  in  the  green  and  depressions  in  the  red  and 
violet.  The  points  of  coincidence  or  intersection  are  about  the  same  as 
before. 

"  As  all  the  equilibrium  colors  give  curves  coincident  with  the  normal,  only  that  for  .660/i 
is  here  reproduced. 
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The  equilibrium  colors  previously  found  at  .520/i,  .505^,  and  .480/i. 
proved  to  have  the  same  character  when  used  directly.  The  correspond- 
ing curves  are  similar  to  that  in  Fig.  23, 

The  curves  for  the  fatiguing  colors  .515/i  and  .495/1.  between  these 
equilibrium  points,  are  plotted  in  Figs.  27  and  28.  They  are  especially 
to  be  noted.  All  curves  from  the  red  to  .515/i,  inclusive,  have  eleva- 
tions only  in  the  red  or  green,  nr  in  both.  The  violet  is  affected  always 
so  as  to  produce  a  relle.\  depression.  Beginning  with  .495/i.  the  re- 
mainder of  the  curves  show  an  elevaticm  in  the  violet,  indicating  this 
color  sensation  to  be  tlirectly  stimulated.  The  curve  for  .495//  is 
almost  identical  with  that  f<jr  \iolet  of  wave  length  .41()/i.  as  shown  in 
Fig.  M).  Both  have  depressions  in  the  green  and  red  portions  of  the 
curve.  The  direct  etTect  of  the  color  .51.5/i  is  evidently  in  the  green, 
while  on  the  more  refrangible  sitle  of  the  equilibrium  point  .505/x. 
violet  is  the  sensation  directly  e.xcited.  An  examination  of  this  region 
in  the  sensation  curves  of  Abney  and  oi  Kiinig.  Fig.  34.  indicates  that, 
at  the  intersection  of  the  green  and  blue  (or  violet)  sensation  curves, 
a  very  small  change  of  wave  length  transfers  the  predominating  stimu- 
lus from  green  to  vinki.  It  will  be  seen  later  that  the  equilibrium 
color  .5()5/i  is  probably  identical  with  this  intersectit)n  point.  It  fol- 
lows therefore  that  these  persistency  curves  are  in  close  harmony  with 
the   sensation   curves. 

From  Fig.  29  it  is  seen  that  the  etTect  of  the  fatiguing  color  .45()/i 
is  to  cause  elevations  in  the  violet  and  green  regions  and  a  depression 
in  the  red.  This  indicates  that  by  this  color  the  two  sensations,  green 
and  violet,  are  both  directly  stimulated,  while  the  red  is  enhanced  by 
the  reflex  process.  The  evidence  from  Fig.  2i^  that  the  color  .495/i. 
which  lies  between  the  green  and  .450/i.  does  not  directly  alTect  the 
green  sensation,  but  only  reflexly.  is  a  most  unexj)ecled  result  for  which 
the  author  has  no  explanation.  It  is  quite  possible  from  the  sen.sation 
curves  of  Abney  ami  of  Ktinig.  that  for  a  short  distance  in  this  region  of 
the  spectrum  the  red  and  green  sensations  nearly  balance  each  other. *^ 
In  this  characteristic  of  the  sensation  curves  the  explanation  may  lie. 
'Notwithstanding  the  somewhat  minute  analysis  of  this  part  of  the 
spectrum  described  in  this  paper,  further  investigati<ui  oi  this  pecu- 
liarity is  necessary. 

The  etTect  of  the  remaining  equilibrium  color  .425/i  shows  coinci- 
dence with  the  normal  throughout,  as  in  Fig.  23. 

"See  especially  Kxner's  Sensation  Curve*  in  Parsons',  Colour  Vision,  p.  22S. 
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The  reduced  fatigue  curves  are  all  sliown  together  in  Fig.  31.  which 
displays  comprehensively  the  normal  curves,  the  elevations  and 
depressions  of  the  fatigue  curves,  the  intersection  j)oints.  and  the 
fatiguing  colors  indicateil  by  shcjrt  vertical  lines  behnv  each  normal. 

From  a  former  paper'"  there  is  reproduced  in  Fig.  20.  the  persistencv 
curve  obtained  when  the  observing  eye  was  fatigued  with  white  light. 
This  curve  lies  above  the  normal  in  all  j)arts  indicating  fatigue  i>i  all  the 
sensations.  No  indicaticjn  of  a  division  into  three  elevations  is  found. 
If  this  curve  be  compared  with  the  relle.x  curve  for  white  in  Fig.  19. 
the  opposite  character  of  the  two  actions  will  at  once  be  evident. 

The  above  curves  show  that  the  red.  green,  and  vitjlet  colors 
produce  one  elevation  in  the  corresponding  part  of  the  spectrum,  and 
two  depressions  in  the  parts  of  the  spectrum  corresponding  to  the  other 
two  sensations.  The  yellow  and  blue  colors  produce  two  elevations, 
the  former  in  the  red  and  green  regions,  the  latter  in  the  green 
and  violet,  and  a  single  depression  in  the  part  corresponding  to  the 
remaining  sensation.  Xo  color  was  found  that  produced  elevations 
simultaneously  in  the  red  and  violet.  Abney'"  came  to  the  conclusion 
that  the  sensation  of  violet  was  compounded  from  the  red  and  blue 
sensations.  The  evidence  presented  by  both  sets  of  curves  in  this 
paper  is  completely  against  that  view,  and  it  seems  impossible  to  avoid 
the  conclusion  that  violet  is  a  simple  sensation.  The  compound 
character  of  yellow  and  blue  is  abundantly  confirmed. 

It  was  stated  above  that  the  elTect  of  darkness  adaptatit)n  of  the  left 
eye  might  be  transferred  to  the  right  (or  lice  versa)  and  so  balance  and 
thereby  conceal  the  relle.x  elTect  of  whatever  color  stimulus  was 
aj)])lic(l.  In  order  to  prove  this,  a  cur\e  was  obtained  by  the  right 
eye  in  normal  daylight  adaptatit)n,  the  left  eye  being  kept  blind- 
folded for  about  three  hinirs,  while  the  measurements  were  made.  The 
data  are  given  in  Table  I  and  the  curve  is  shown  in  Fig.  M.  This  lies 
wholly  above  the  normal,  showing  that  the  elTect  of  darkness  adaptation 
is  transferred  from  one  eye  to  the  other,  and  diminishes  the  brightness 
of  all  color  sensations,  an  elTect  just  ihe  opposite  of  that  shown  for 
white  light  in  I'ig.  1').  Vhv  reduced  darkness  curve  in  Fig.  M  shows 
evidence  of  three  dej^ressions.  and  thereby  adds  its  testimt)ny  to  the 
threefold  character  of  color  vision. 

From  a  former  i)aper''^  there  is  reproduced  in  Fig.  .vv  a  set  of  curves 
obtained  under  clilTcrent  conditions  of  darkness  adaptation.     In  this 

'MMiys.  Rev.  //.  p.  276;  l^tX). 

'•  Researches  in  Colour  \ision.  p.  2.>0.    .\lso:   Phil.  Trans.  .\.  193,  p.  2.^Q. 

'sphys.  Rev.  77.  p   :fo:  I'MH) 
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figure  the  curves  marked  ^'a"  and  "b"  were  obtained  by  the  right  eye, 
when  both  were  under  the  influence  of  very  dim  Hght  or  darkness. 
The  curve  "c"  was  obtained  when  the  right  eye  was  bhndfolded  and 
the  left  was  in  daylight  adaptation.     The  curve  "d"  is  the  normal. 


Fig.  33.     Curves  shoicing  varioits  degrees  of  di.:,rli:ness  adaptation. 

Under  all  conditions  therefore  the  effect  of  darkness  adaptation  is 
precisely  the  same  in  character,  though  not  in  magnitude. 

Since  darkness  adaptation  always  diminishes  the  brightness  of  all 
colors,  it  may  be  questioned  whether  darkness  makes  the  eye  more 
sensitive,  as  is  usually  stated.     From  these  experiments  it  seems  rea- 
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sonablc  to  hold  that  the  elTect  of  prulonged  darkness  adaptation  is  to 
give  time  for  all  direct  and  relkx  elTects  of  light — some  of  which,  ac- 
cording to  Burch/-*  last  for  quite  two  hours — to  disappear  from  the 
visual  apparatus.  \'ery  feeble  rays  of  light  will  theref«^re  become 
percei)tible  as  there  is  nothing  present  in  the  retina  to  interfere  with 
them.  It  must  be  remembered.  h(jwever,  that  the  curves  described  in 
this  paper  are  for  bright  colours  which  involve  the  phottjpic  mechanism 
of  the  eye.  and  the  results  may  not  be  valid  for  the  scotopic  mechanism, 
if  such  exists. 

The  experiments  on  darkness  are  susceptible  of  another  and  probably 
a  more  rational  explanation,  which  docs  not  attribute  to  darkness  a 
positive  action.  We  have  seen  that  the  effect  of  white  light  fatigue 
on  one  eye  is  just  the  opposite  of  its  reflex  effect  from  the  other.  The 
normal  condition  of  the  retina,  as  experiment  shows,  is  obtained  when 
daylight  is  admitted  to  both  eyes  simultaneously.  But  daylight  must 
exercise  some  effect,  both  of  fatigue  and  reflex  action.  By  blind- 
folding one  eye,  the  white  light  is  thereby  excluded  and  prevented  from 
having  its  reciprocal  or  reflex  effect.  The  apparent  reflex  elTect  of 
darkness  is  therefore  merely  due  to  protection  from  the  real  effect  of 
white  light. 

From  the  results  of  these  measurements,  it  is  evident  how  extraord- 
inarily far  from  correct  is  Charpentier's-"  conclusion  that  darkness 
adajUation  of  one  eye  has  no  effect  »)n  the  other,  reliance  upon  which  has 
probably  invalidated  many  measurements  of  color. 

On  reference  to  the  darkness  adaptation  curves  in  Fig.  v>.  it  will  be 
observed  that  the  maximum  effect  in  diminishing  the  physiological 
brightness  of  the  spectrum  is  not  obtained  by  blind-folding  the  eye  or  by 
keeping  it  in  complete  darkness,  as  would  quite  naturally  be  expected, 
but  by  adapting  the  eyes  for  light  of  very  low  intensity,  such  as  that 
in  a  dimly  lighted  dark  rottm.  The  dark  room  used  in  this  experiment 
was  painted  black  and  the  only  illuminatii>n  was  the  light  escaping 
from  the  screens  arountl  the  acetylene  flame.  The  curve  "c"  for  the 
blind-folded  eye  is  abimt  half  way  between  the  normal  "d."  and  the 
curve  "a"'  for  the  eye  adapteil  for  weak  light. 

This  unexpected  peculiarity  serves  to  exj^lain  an  t»bservation  by 
Fechner  wliich  is  thus  described  by  Etlridge-Green-^;  "In  certain  con- 
ditions  the   additional   stimulation   of   one   eye   with   light    not   only 

"  Proc.  Roy.  Soc.  B,  76;  1005. 
-'*  Parsons:  Colour  Vision,  p.  50. 
-'  Physiological  Optics,  p.  127. 
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causes  no  sensation  of  increased  brightness  but  the  reverse.  This  is 
illustrated  by  Fechner's  paradoxical  experiment.  One  eye  is  directed 
to  an  illuminated  surface,  as  for  instance  a  sheet  of  white  paper, 
whilst  the  other  eye  is  closed.  If  the  closed  eye  be  suddenly  opened 
behind  a  sheet  of  smoked  glass,  the  field  of  vision  will  appear  distinctly 
less  bright." 

From  the  curves  it  is  seen  that  blind-folding  or  closing  one  eye  will 
diminish  the  brightness  of  the  white  surface  to  the  other.  When  WTak 
light  coming  through  the  smoked  glass  is  then  admitted  to  the  previ- 
ously closed  eye,  a  still  further  diminution  of  the  brightness  of  the 
white  light  ought  to  result,  which  is  what  Fechner  observed.  Fechner's 
experiment  therefore  follows  logically  from  the  evidence  of  the  curves, 
and  ceases  to  be  paradoxical  when  the  comparative  effects  of  weak  light 
and  darkness  upon  the  visual  apparatus  are  more  perfectly  understood. 

In  Fig.  34,  the  sensation  curves-  of  Konig  and  of  Abney  are  shown 
with  the  six  equilibrium  points  marked.  The  occurrence  of  these 
points  at  the  ends  and  intersections  of  the  sensation  curves  is  of  great 
interest.  The  actual  wave  lengths  of  the  intersections  for  different 
observers  are  given  by  Parsons-^  in  the  following  table,  to  which  four 
of  the  equilibrium  points  are  added  by  the  author: 


Konig  (sunlight) 

Exner  (arc  light) 

Abney  (arc  light) 

Equilibrium  points  (arc  light) 


a 

b 

c 

573 

503 

496 

.577 

508 

494 

577.2 

515 

500 

570 

520 

505 

450 

475 

480 


The  equilibrium  point  .480)Lt  is  probably  not  the  intersection  point 
"d,"  the  existence  of  which  Abney's  curves  do  not  confirm,  but  rather 
the  end  of  the  sensation  curve  for  red.  The  agreement  of  the  author's 
values  with  those  of  Abney  is  quite  good. 

Since  the  six  equilibrium  points  apparently  produce  neither  direct  nor 
reflex  effects,  we  may  interpret  this  as  an  equilibrium  between  the  two 
actions,  or  possibly  as  a  balance  between  excitation  and  inhibition. 

The  two  mean  points  of  coincidence  with  the  normal  which  nearly 
all  the  curves  exhibit,  are,  for  the  fatigue  curves,  .648/i  and  .50)U,  and 
for  the  reflex  curves,  .658/x  and  .502^t.       The  further  mean  value  .653^1 

^^  Parsons:    "Colour  Vision,"  pp.  222  and  244.     See  also  Exner's  curves  on  p.  222  for 
intersection  point  "d." 

^^  Parsons:   loc.  cit.  p.  230. 
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is  near  the  equilihriuni  point  .66(V,  and  may  be  identifjeil  with  it.  The 
second  is  ahiiost  the  nu-an  of  the  three  equilibrium  points  .480/i, 
.505/Li  and  .520/i. 
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liG.  iA.     Siusation  C«»rtri.     (Konig  onJ  Ditl<riii.} 

l\  .     Theoretical  Applications 

From  the  experimental  results  which  have  now  been  considered,  we 
learn  that  the  action  of  light  of  every  hue  upon  the  retina  is  not  unitary 
but  dual  in  its  nature,  one  part  consisting  of  a  tlirect  elTecl  and  the 
other  of  a  retlex.  The  direct  action  affects  the  ()ne  sensation  involved 
if  the  color  is  rcil.  green,  or  violet,  or  the  two  sensations  if  t>range. 
yellow,  or  blue.  The  reflex  process  atTects  all  three  sensations  in  every 
case.  According  to  the  three  component  theory  of  color  vision  it  is 
generally  held-'  that  equal  and  simultaneous  stimulation  of  the  three 

-*  .\bncy:   Researches,  p.  2M. 
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primary  sensations  results  in  the  perception  of  white.  But  even  if  the 
several  stimulations  need  not  be  equal,  no  doubt  a  definite  ratio  of 
excitations  is  involved  in  the  white  process. 

When,  for  example,  red  light  falls  upon  the  retina,  the  sensatory  or 
sensory  reflex  excites  the  three  fundamental  sensations  sufficiently  to 
cause  the  perception  of  white;  the  direct  action  of  red  affects  only  the 
corresponding  sensation,  resulting  in  the  simultaneous  perception  of 
red.  What  appears  finally  to  consciousness  therefore  is  the  red  color 
overlying,  as  it  were,  a  substratum  of  white  of  an  intensity  depending 
on  the  strength  of  the  original  red  stimulus.  The  same  reasoning 
applies  to  all  color  impressions,  except  that  in  the  case  of  compound 
colors,  two  sensations  are  directly  involved.  If  the  color  excitations 
are  very  intense,  the  sensation  of  white  may  be  so  powerful  as  to  render 
the  direct  effect  of  the  color  almost  vanishingly  small.  Hence  all 
colors  when  of  great  intensity  would  approximate  whiteness  in 
appearance. 

While  this  view  seems  to  be  completely  in  harmony  with  the  experi- 
mental evidence,  yet  color  perception  may  be  expressed  in  other  terms 
which  offer  some  advantages.  Every  color  affects  part  of  the  receptors 
directly  and  the  remainder  in  the  same  retinal  area  refiexly.  These  in 
every  case,  include  the  whole  of  the  colors  of  the  spectrum  which 
when  combined  become  white  light.  Hence  the  two  portions  of  the 
color  process,  the  direct  and  the  reflex,  occupy  qualitatively  a  comple- 
mentary relationship.  When  any  sensation  is  affected  directly  and 
fatigued,  with  a  consequent  diminution  of  the  brightness  of  the  color 
stimulus,  the  luminous  response  of  the  remainder  is  enhanced.  These 
two  effects  are  not  usually  quantitively  capable  of  exactly  balancing 
each  other  and  so  producing  white.  At  moderate  intensities  the  whole 
of  the  reflex  effect  will  unite  with  some  proportion  of  the  direct  and 
produce  white,  the  residuum  being  the  color.  From  these  considera- 
tions color  perception  may  be  brought  under  Sherrington's  Principle 
of  Reciprocal  Innervation,  if  that  Principle  may  be  enlarged  to  include 
sensations  within  its  scope. 

The  white  light  underlying  all  color  perception  has  been  widely 
recognized.  In  Hering's  theory,-^  a  separate  visual  process  is  assigned 
to  the  white-black  sensation.  In  Wundt's  theory,  it  is  assumed  that 
"two  different  stimulation  processes  are  set  in  action  by  every  retinal 

^  For  valuable  expositions  of  the  chief  modern  theories  see  "Colour  Msion,"  by  J.  H. 
Parsons. 
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excitation,  a  chromatic  and  an  achromatic.  Both  stimulations  follow 
different  laws  with  increasing  stimulus  intensities.  At  low  intensities 
the  achromatic  surpasses  the  chromatic;  at  moderate  intensities  the 
chromatic  is  the  relatively  stronger;  at  the  highest  intensities  the 
achromatic  regains  superiority." 

Mrs.  Ladd-Franklin  assumes  that  "in  the  earliest  stages  of  its 
development  the  visual  sense  consisted  of  grey."  Out  of  this  achro- 
matic sensation  the  color  sensations  developed  by  a  prcjcess  of  molec- 
ular differentiation. 

McDougall  provides  an  independent  white  process  in  addition  to  the 
three  fundamental  sensations,  red.  green  and  violet.  From  his  numer- 
ous researches,  Abney'-"  concluded  that  "it  appears  as  if  light  were  the 
fundamental  sensation  caused  by  the  main  vibration  generally,  whilst 
color  is,  as  it  were,  an  overtone  to  which  the  receiving  nerves  are  less 
susceptible  than  to  light,  the  further  away  they  are  situated  from  the 
centre,  and  may  be  due  to  the  fomi  of  vibration." 

In  some  of  his  later  work  Abney'-'  also  inclined  to  the  view  that  he 
had  possibly  separated  the  white  from  the  color  sensations.  But 
according  to  the  experimental  evidence  adduced  in  this  paper,  such  a 
separation  is  impossible  with  the  direct  action  of  light. 

Parsons-^  also  states:  "But  we  are  confronted  with  another  fact,  less 
easy  of  explanation,  viz.,  that  great  increase  of  intensity  of  the  light 
not  only  alters  the  hue.  but  also  alters  the  saturation,  so  that  even- 
tually it  produces  only  the  sensation  of  white  light.  It  would  seem 
therefore  that  luminosity  is  in  some  recondite  sense  an  inherent  "white- 
ness" in  the  color  itself,  differing  in  degree  in  different  spectral  colors, 
and  varying  with  the  intensity  of  those  colors.  Clearly  we  are  here, 
at  the  outset,  face  to  face  with  a  physiological  fact  of  immense  impor- 
tance, and  much  of  the  difficulty  of  color  vision  is  concerned  with 
this  fact." 

But  not  alone  arc  intense  color  sensations  achromatic.  The  same 
phenomenon  reappears  when  the  intensity  of  colors  falls  very  low. 
So  important  has  this  peculiarity  been  deemed  that  a  special  theory  lor 
its  explanation  has  been  ft)rmulated  by  von  Kries.-^  called  the  Duplicity 
Theory,  which  has  received  wide  acceptance.  This  theory  recognizes 
the  existence  of  two  kinds  of  vision,  the  jihotopic.  which  is  chromatic. 

»  Phil.  Trans.  A.,  100,  p.  1«)5;  1897. 
"  PhU.  Trans.  .\.,  205,  p.  .U8. 
'*  "Colour  Vision";  p.  29. 
-'  Parsons:   'Colour  \'ision,  "  p.  2(X.v 
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and  the  scotopic,  or  vision  at  very  low  intensities,  which  is  achromatic. 
Two  different  mechanisms,  the  cones  and  rods  respectively,  are  assumed 
to  be  involved  in  producing  these  very  different  types  of  vision. 

But  is  such  a  theory  necessary?  All  effects  concerning  chromatic 
and  achromatic  vision  seem  susceptible  of  explanation  by  assuming 
that  at  high  intensities  all  colors  excite  balancing  reflexes  of  equal 
magnitude  which  combine  to  produce  white.  As  the  intensities  of  the 
colors  become  smaller,  the  intensities  of  the  reflexes  also  diminish, 
but  at  a  more  rapid  rate,  leaving  a  greater  or  less  unbalanced  residuum 
of  color,  which  is  that  normally  perceived.  Finally,  as  the  intensities 
of  colors  are  further  reduced  the  reflex  sensations  again  become  equal 
in  magnitude  with  resulting  achromatic  vision.  The  whiteness  which 
is  always  present  appears  to  consciousness  usually  as  a  modification 
of  the  saturation  of  color.  At  medium  intensities,  color  predominates 
over  whiteness;  at  extremes,  both  high  and  low,  whiteness  equals  or 
predominates  over  color.  Other  peculiarities  of  vision  such  as  night- 
blindness,  may  render  the  duplicity  theory  desirable  or  even  necessary; 
but  it  seems  quite  superfluous  in  connection  with  the  very  phenomena 
which  it  was  chiefly  designed  to  explain. 

There  is  universal  recognition  that  spectral  colors  are  far  from 
being  saturated.  This  has  found  expression  by  color  theorists  gen- 
erally; and  it  has  been  specifically  stated  by  Helmholtz,  Hering,  Konig, 
and  Exner,  for  example,  that  the  colors  they  selected  as  primary  were 
all  to  be  regarded  as  more  saturated  than  their  spectral  values. 

Reasons  have  been  given  why  a  color  cannot  be  seen  directly  apart 
from  its  underlying  white.  Saturation  is  at  once  desired  and  impos- 
sible to  secure.  Increasing  or  decreasing  the  intensity  of  stimulation 
too  far  results  in  lessening  the  saturation  still  further.  While  direct 
action  apart  from  reflex  cannot  in  its  very  nature  be  obtained,  the 
reflex  may  exist  apart  from  the  direct  in  the  form  of  after  images,  when 
the  direct  action  of  light  has  ceased.  In  this  connection,  certain 
observations  by  McDougall  are  of  remarkable  interest  and  importance, 
and  are  in  full  agreement  with  the  principle  of  reflex  color  sensations. 
According  to  MacDougall,^°  "An  important  feature  of  the  after- 
images of  bright  white  light  is  that,  after  a  first  short  period  in  which 
two  colors  fuse  to  give  yellow,  or,  as  is  the  case  after  the  brightest 
lights,  all  three  fuse  to  give  white,  the  colors  that  in  turn  occupy  the 
area  of  the  after  image,  alone  and  unchanging  for  considerable  periods, 

^^  Quoted  from  McDougall  by  Parsons:   Color  Vision,  p.  111. 
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are  red,  green,  and  bliu-  only,  and  these  are  in  every  case  of  exactly 
the  same  color-tone,  although  varying  in  brightness  in  diilerent  cases 
and  in  dilYerent  stages  of  one  after-image.  The  red  is  a  rich,  crimson 
red.  decidetUy  less  orange  than  the  red  of  the  solar  spectrum,  the  blue 
is  a  rich  ultramarine,  and  the  green  a  pure  green,  having  no  inclination 
towards  blue  or  yellow They  are  the  purest,  richest,  most  sat- 
urated colors  that  I  have  ever  experienced,  and  I  believe  that  in  this 
way,  and  this  way  only,  one  may  experience  absolutely  simple,  i.e. 
unmixed  and  fully  saturated  C(jlor  sensations." 

It  Would  scarcely  be  possible  to  imagine  experimental  evidence 
more  in  harmony  with  the  principle  of  rellex  color  .sensations  than 
these  observations  of  McDougall. 

There  seems  no  reason  to  doubt  that  simultaneijus  contrast  can  be 
brought  under  the  operation  of  this  principle.  **For  the  most  impor- 
tant element  in  color  contrast  is  the  opponent  or  complementary 
elTect,"^'  which  is  precisely  what  the  principle  of  reflex  sensations  wuuld 
lead  one  to  expect.  The  fact  that  the  phenomenon  is  reciprocal  as  well 
as  complementary,  is  also  in  harmony  with  this  principle.  Indeed, 
binocular  contrast  is  explained  by  the  curves  presented  above.  For 
example,  if  red  light  falls  on  the  right  eye  and  green  on  the  left,  two 
elTects  are  produced  on  each  retina.  The  red  light  causes  fatigue  of 
the  red  and  enhancement  of  the  green  and  \iolet  on  the  right  retina. 
The  effect  of  green  on  the  left  retina  is  transferred  to  the  right  in  the 
form  of  a  rellex  enhancement  of  all  three  sensations.  Some  modifica- 
tion of  the  appearance  of  the  red  is  bound  to  occur,  which  is  connected 
with  its  complementary.  Similarly  in  the  left  eye.  the  appearance  of 
the  green  color  is  modified  by  the  rellex  influence  of  red.  The  combined 
reflex  and  fatigue  curves  therefore  prove  that  contrast  eflects  must 
occur,  and  prove  also  that  their  mutual  influences  are  in  complemen- 
tary directions. 

Since  the  etiuilibrium  colors  do  not  change  the  nonnal  curves,  it 
seems  j)robable  thai  pairs  of  these  colors  shoukl  not  produce  any 
contrast  elTects,  either  binocular  or  monocular.  The  ecjuilibrium  colors 
.660)u  and  .570ju,  for  exami)le.  should  not  nmdify  each  other's  appear- 
ance in  the  least.  Indeed,  this  imthoil  might  be  usetl  tt^  verify  the 
equilibrium  points. 

The  familiar  experiment  on  successive  contrast  als«»  has  new  light 
thrown  upon  it  by  the  jirinciple  of  reflex   stimulation    of    the    color 

"  Parsons;  loc.  cit.,  p.  12S. 
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sensations.  If  a  patch  of  red  color  is  intently  observed  for  twenty  or 
thirty  seconds  and  then  a  white  surface  is  looked  at,  a  patch  of  green 
of  the  same  shape  as  the  original  red  is  seen.  The  explanation  usually 
given  is  that  the  red  receptors  are  fatigued  by  the  red  light,  while 
those  for  the  other  sensations  are  either  less  or  not  at  all  affected. 
Consequently  the  white  light  excites  the  green  and  violet  receptors 
much  more  than  the  red. 

This  explanation  must  now  be  modified  by  remembering  that  while 
the  red  sensation  is  being  fatigued,  the  remainder  are  being  reflexly 
enhanced.  This  great  enhancement  of  the  green  sensation  and  to  a 
less  extent  of  the  violet,  is  responsible  for  part  and  probably  the  major 
part,  of  the  observed  complementary  effect. 

The  explanation  of  complementary  colors  is  very  direct.  Two 
colors  are  complementary  when  their  combined  direct  and  reflex  effects 
result  in  equal  stimulation  of  the  three  fundamental  sensations,  or  in 
such  proportionate  stimulations  as  fuse  together  to  produce  white. 

In  his  consideration  of  the  Young-Helmholtz  theory,  Parsons^^  has 
briefly  summarized  some  criticisms  as  follows: — "The  greatest  dif- 
ficulty, however,  is  experienced  in  explaining  the  facts  of  induction.  In 
general  terms  it  is  not  difficult  to  conceive  a  diminution  in  response  of 
the  components  in  one  direction,  associated  with  an  increase  in  another, 
after  previous  stimulation.  We  might  thus  account  for  the  increased 
response  to  the  complementary  after  stimulation  with  a  given  light. 
Indeed,  such  a  view  falls  in  well  with  other  physiological  findings,  so 
admirably  elaborated  in  Sherrington's  work.  If  all  spectral  lights 
act  upon  all  three  components,  then  the  increased  response  to  the 
complementary  after  previous  stimulation  with  a  color  can  be  ex- 
plained, and  this  was  the  view  adopted  by  vonHelmholtz.  It  lands  us, 
however,  on  the  horns  of  a  dilemma,  for  the  facts  of  dichromatic  vision 
— and  the  same  is  true  of  trichromatic — show  that  lights  of  greater 
wave  length  than  about  .  550/i  do  not  act  at  all  upon  the  violet 
component,  since  no  standard  blue  has  to  be  mixed  with  the  standard 
red  to  match  colors  in  this  part  of  the  spectrum.  Yet  the  saturation 
of  yellow  (.589/i)  is  undoubtedly  increased  by  previous  stimulation 
with  the  complementary  blue.  Von  Kries  has  shown  that  this  effect 
is  not  to  be  explained  by  any  alteration  of  the  intrinsic  light  of  the 
eye,  but  is  caused  by  a  quantitative  change  in  the  response  to  the 
secondary  light.    If  yellow  light  acts  only  on  the  red  and  green  com.po- 

82  1oc.  cit.  p.  218. 
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nents,  we  cannot  explain  on  the  the(jry  the  increase  in  saturation  which 
follows  previous  activity  in  the  blue  components.  Hess  refuses  to 
admit  that  the  facts  can  be  brcjught  into  line  with  the  theory.  We 
must  therefore  accept  the  theory  as  e.xplaining  satisfactorily  eilJier  the 
phenomena  of  after-images  or  those  of  dichromatic  vision,  but  not  both. 
The  large  mass  of  accurate  evidence  which  has  now  accumulated, 
chietly  from  the  observations  of  Abney  and  von  Kriesand  their  fellow- 
workers,  showing  that  all  spectral  lights  do  not  act  upon  all  the  compo- 
nents makes  it  impossible  to  accept  the  explanation  as  it  stands  for 
successive  induction.  Moreover,  successive  induction  is  a  complex 
condition  allied  to  simultaneous  induction,  and  it  must  be  admitted 
that  the  facts  of  simultaneous  contrast  cannot  be  explained  directly  by 
the  trichromatic  theory  alone." 

The  experimental  results  presented  in  this  paper  give  a  ver>''  exact 
and  comprehensive  answer  to  these  criticisms.  It  has  been  found  by 
experiment  and  abundantly  shown  in  the  above  curves,  that  a  diminu- 
tion of  response  of  the  components  in  one  direction  is  always  associated 
with  an  increase  in  another,  unless  interfered  with  by  darkness  adapta- 
tion, and  in  a  perfectly  systematic  manner.  The  assumption  of  lielm- 
holtz  that  all  spectral  lights  act  upon  all  three  components  is  found  to 
be  experimentally  verified,  though  the  connection  is  not  by  the  direct 
action,  as  doubtless  was  Helmholtz's  view,  but  by  the  reflex  influence 
of  light.  It  is  found  also  that  light  of  every  wave-length,  including 
that  between  .550/li  and  .740)u  has  an  undoubted  etTect  on  the  violet. 
The  general  failure  to  detect  this  is  probably  due  to  the  neutralizing 
action  of  darkness  adaptation. 

Yellow  light  acts  not  only  on  the  red  and  green  components,  but  as 
the  curves  show,  on  the  vit)let  component  as  well.  Attention  has  been 
directed  also  to  the  great  reflex  etTect  on  the  green-yellow  which  results 
from  the  action  of  the  violet,  as  well  as  blue.  This  accounts  adequately 
for  the  increase  in  the  saturation  of  yellow  by  previous  stimulation 
with  the  complementary  blue. 

The  accuracy  of  the  observations  of  the  investigators  mentioned  in 
the  above  quotation  need  not  be  questioned.  But  their  conclusion  that 
all  spectral  lights  do  not  act  upon  all  components  is  conclusively  nega- 
tived by  the  present  experimental  results.  Possibly  the  method  used  by 
the  author  possesses  somewhat  greater  delicacy  than  theirs,  or  more 
probably  the  transferable  effects  of  darkness  adaptation  from  one  eye  to 
the  other  may  have  concealed  these  phenomena  from  them  just  a?  it 
did  from  the  author  for  some  vcars. 
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Finally,  in  a  manner  similar  to  the  explanation  of  binocular  contrast, 
it  is  quite  probable  that  the  facts  of  simultaneous  induction  or  contrast 
can  be  explained  by  the  trichromatic  theory  when  enlarged  by  the 
inclusion  of  the  principle  of  reflex  visual  sensations. 

The  results  of  the  experiments  in  this  investigation  are  strongly 
opposed  to  the  conclusions  of  Burch,^^  concurred  in  by  Edridge-Green,^^ 
to  the  effect  that  "fatigue  of  the  eye  for  any  one  color  does  not  increase 
its  sensitiveness  for  any  other  color."  Edridge-Green  further  says 
that  ''if  the  eye  be  fatigued  for  yellow  the  blue  of  the  spectrum  is  con- 
siderably diminished,  not  increased,"  and  suggests  that  the  effect  is 
probably  due  to  luminosity  contrast. 

If,  however,  the  experiments  of  the  latter  were  performed  in  a  dark 
room,  the  large  effect  of  darkness  adaptation  of  the  non-observing 
eye  on  the  other  will  considerably  overbalance  the  enhancement  of  the 
blue  due  to  the  reflex  effect  of  the  yellow.  Since  the  coincidence 
point  of  the  normal  and  other  curves  occurs  at  the  junction  of  green  and 
blue  in  the  spectrum,  no  enhancement  of  this  region  takes  place  and 
therefore  the  effect  of  darkness  adaptation  is  unopposed.  Whatever  hue 
of  blue  is  selected,  the  observation  of  Edridge-Green  is  explained  with- 
out introducing  any  other  principle. 

The  reflex  effects  of  color  are  of  such  magnitude  in  enhancing  the 
visual  sensations  that  it  seems  probable  some  method  of  seeing  the 
reflex  colors  could  be  devised.  While  considering  this  question  during 
the  progress  of  the  investigation  it  occurred  to  the  author  that  some 
experiments  described  by  Bidwell  might  be  what  were  sought  for. 

The  result  of  the  sensory  visual  reflexes  is,  as  we  have  seen,  to  reduce 
the  saturation  of  colors  by  the  production  of  white.  But  the  impact 
of  light  on  the  retina  arouses  the  reflex  ordy  after  an  interval  of  time 
which  must  be  very  short,  as  it  is  rarely  noticeable.  It  follows  therefore 
that  colors  falling  on  the  retina  should  first  be  perceived  for  a  very 
short  interval  of  time  much  more  saturated  and  brighter  than  in  normal 
vision.  Now  BidwelP^  states  that  "immediately  upon  the  impact  of 
the  light  there  is  experienced  a  sensation  of  luminosity,  the  intensity 
of  which  increases  for  about  one-sixtieth  of  a  second;  much  more  rapidly 
towards  the  end  of  that  period  than  at  first.  Then  ensues  a  sudden 
reaction  lasting  also  for  about  one-sixtieth  of  a  second  in  virtue  of  which, 
the   retina   becomes   partially   insensible    to   renewed    or   continuous 

33  Phil.  Trans.  B.  p.  5;  1899. 

'^  Physiology  of  Vision,  p.  235. 

35  Proc.  Roy.  Soc,  56,  p.  132;  1894. 
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luminous  impressittns.  The  stage  ui  lluctualion  is  succeeded  by  a 
sensation  of  steady  luminosity,  the  intensity  of  which  is,  however, 
considerably  below  the  mean  of  that  experienced  during  the  first 
one-sixtieth  of  a  second." 

These  observations  are  quite  in  harmony  with  the  principle  of  reflex 
sensations. 

Further,  liidwelP  describes  an  experiment  as  follows:  From  a  disk 
a  sector  of  45°  was  removed.  One  half  of  the  remainder  was  covered 
with  black  velvet  and  the  other  with  unglazed  grey  or  buff  paj)er.  A 
red  or  other  colored  card  is  placed  back  of  the  disk  in  such  a  position 
that  it  can  be  seen  through  the  open  sector.  The  disk  and  card  are  well 
illuminated  with  white  light.  When  the  disk  rotates  from  6  to  8  times 
per  second  the  red  ceases  to  be  visible,  and  in  its  place  is  seen  the 
complementary  color. 

The  explanation  given  by  Bidwell  and  concurred  in  by  Abnev'^'  is 
that  the  brief  flash  of  red  light  fatigues  the  red  recepttirs  which  thereby 
respond  much  more  feebly  than  the  green  sensation  when  the  white 
light  reflected  from  that  part  of  the  disk  in  its  turn  reaches  the  eye; 
or  that  the  etTect  is  due  to  successive  contrast  after  an  exceedingly  brief 
stimulus. 

From  the  standpoint  of  this  paper,  the  explanation  is  altogether 
different.  The  initial  impulse  of  direct  light,  much  brighter  than 
normal,  arouses  the  reflex  sensations  in  the  brief  interval  of  its  duration, 
from  0.02  to  0.015  second,  and  is  then  cut  off,  allowing  the  comple- 
mentary portion  of  the  reflex  sensations,  which  ordinarily  is  over- 
powered by  the  continuous  red  light,  to  become  visible.  Since  the  eye 
must  always  be  under  some  influence,  whether  of  light  or  darkness, 
the  continuance  of  either  of  which  alone  is  fatal  to  the  visibility  of  the 
effect,  the  retina  must  be  maintained  in  a  state  of  sensitive  equilibrium 
by  applying  the  two  opposing  effects,  light  and  darkness,  alternately. 
For,  according  to  Bidwell.  the  brief  application  of  light  enhances  the 
brightness,  and  we  have  sht>wn  that  darkness  always  diminishes  the 
brightness  of  colors.  This  explanation  does  not  involve  fatigue  in  the 
least.  Negative  after  images  are  the  various  reflexes  dying  out  in 
unequal  times;  the  Bidwell  eft'ect  is  the  reflex  sensation  in  its  beginning. 

If  this  explanation  of  the  phenomenon  is  correct,  we  can  bring  under 
the  principle  of  reflex  sensations,   the  hitherto  curious  and  fleeting 

»  Proc.  Roy.  Soc,  61,  p.  269;  1S96. 

'"  "Researches  in  Colour  \'ision."  p.  ->%. 
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color  effects  and  recurrent  images  in  the  other  disk  phenomena  of 
Bidwell,  as  well  as  in  those  of  Sherrington,  Benham  and  others. 

Edridge-Green^^  has  recently  published  some  observations  which  may 
with  advantage  receive  brief  consideration.  He  formed  a  white  with  a 
mixture  of  certain  red,  green,  and  violet  colors.  After  fatigue  with 
red  of  wave  length  .670/x  the  white  light  was  viewed  and  found  to  be 
green  in  appearance.  By  reducing  the  green  component  to  half  its 
original  amount,  whiteness  was  restored.  No  change  in  the  original 
white  was  seen  when  the  eye  was  fatigued  with  red  of  wave  length, 
.780jU.  This  effect  is  interpreted  by  Edridge-Green  as  opposed  to  the 
three-component  theory  of  color  vision.  On  referring  to  the  reflex 
curves  for  red.  Fig.  6,  it  will  be  found  that  the  color  .670)U  produces  a 
fairly  large  reflex  in  the  green.  Fatiguing  with  this  color  therefore 
not  only  diminishes  the  intensity  of  the  red  but  enhances  the  brightness 
of  the  green  to  such  an  extent  that  a  smaller  portion  is  sufficient  to 
reestablish  the  balance  and  so  restore  whiteness.  The  reflex  obtained 
for  .740)Li  is  very  small,  and  as  the  figure  shows,  the  longer  wave- 
lengths show  diminishing  reflexes.  Therefore  the  reflex  enhancement 
of  the  green  from  fatigue  with  .780/^  will  scarcely  be  noticed.  No 
appreciable  disturbance  of  the  white  equation  will  probably  result. 

Edridge-Green  further  states  that  when  the  eye  is  fatigued  with  the 
color  .760jU  and  the  red  .670u  is  viewed,  it  appears  yellow  or  greenish- 
yellow,  which,  he  states,  could  not  be  the  case  if  the  red  sensation  only 
had  been  affected. 

In  explanation  of  this  effect,  it  may  again  be  stated  that  the  color 
.740ju  produces  a  distinct  reflex  in  the  green-yellow  region,  and  it  is 
probable  that  .760ja  will  also  have  an  appreciable  effect.  As  no  doubt 
all  colors  produce  reflex  effects  of  varying  magnitude,  the  change  of 
color  observed  is  explained. 

From  Fig,  6  it  seems  probable  that  the  Edridge-Green  white  equation 
will  not  be  affected  by  fatiguing  the  eye  with  the  equilibrium  color 
.  660)u,  and  that  the  disturbance  of  the  balance  of  colors  will  increase 
to  a  maximum  with  a  fatiguing  stimulus  of  .  687ju,  and  thence  fall  off 
to  become  inappreciable  with  the  last  part  of  the  red  at  .  780/x. 

The  observations  of  Edridge-Green  appear  to  fall  in  quite  naturally 
with  the  experimental  results  herein  presented,  and  seem  to  be  in  no 
sense  opposed  to  the  three-component  theory  coupled  with  reflex 
sensations. 

38  Nature,  107,  p.  826;  1921.    Also  Proc.  Roy.  Soc.  B,  92,  p.  232;  1921. 
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'1  he  liroducliiin  by  ull  colors  of  a  reflex  enhancement  of  the  green- 
yellow  part  of  the  spectrum,  no  doubt  accounts  for  the  commonly 
observed  fact  that  c<»Iors  when  diluted  with  wliite  light  tend  towards 
yellow. 

Since  it  is  only  the  direct  effects  of  ccjlor  thai  have  received  such 
extensive  investigation,  it  is  not  surprising  that  scores  of  color  theories 
have  been  formulated.  Probably  most  theories  have  in  them  s<jme  ele- 
ment of  truth.  But  a  solution  of  the  "enigma  of  color  vision"  is  not 
possible  unless  the  whole  elTect  of  light  waves  on  the  complicated 
visual  apparatus  is  known.  The  reflex  sensations  have  never  been 
taken  account  of,  as  hitherto  their  existence  has  only  been  suspected. 
To  some  extent  one  theory  must  be  excepted  from  this  statement. 
With  such  fragmentary  facts  as  were  known  largely  through  the  obser- 
vations of  McDougall  himself,  that  investigator  elaborated  a  theorj'^" 
which,  in  a  measure,  recognizes  the  existence  and  function  of  reflex 
etTects.  He  adoj)ted  the  three-component  theory,  but  adds,  what  from 
the  standpoint  of  the  present  paper  is  unnecessary,  a  white  sensation. 

Xo  theory  at  present  formulated  is  sufficiently  fundamental  to 
include  all  the  phenomena.  But  if  the  theory  of  three  compitnents,  to 
which  the  names  of  Young  and  Helmholtz  are  attached,  is  enlarged  by 
the  inclusion  of  the  reflex  elTects  elucidated  to  some  extent  in  this 
paper,  that  theory  already  so  strongly  grounded  will  alTord  explana- 
tions of  and  draw  to  its  support  many  facts  which  have  hitherto  been 
unexplained,  or  even  used  against  it.  This  statement  must  be  qualified 
in  one  respect.  \'iolet  must  be  regarded  as  one  of  the  fundamental 
color  sensations  in  addition  to  reil  and  green.  For  if  these  results 
speak  with  any  decision  at  all,  it  is  that  blue  as  well  as  yellow  are  com- 
pound sensations. 

The  idea  that  the  color  sensations  have  developed  out  of  a  primitive 
white  process  receives  no  support  from  these  experiments.  There  is 
no  apparent  development  in  any  one  direction  more  than  in  any  other. 
But  if  there  were  development,  it  would  rather  be  that  white  had  been 
added  to  color  and  not  color  to  white. 

On  referring  to  the  reduceil  curves  in  Figs.  IS  and  ^\.  it  will  be  seen 
that  several  of  the  equilibrium  colors  show  vestiges  of  the  three  reflex 
depressions.  Since  the  sensation  curves  are  three  in  number  it  would 
appear  to  follow  that  absolute  ecjuilil)rium  wouUl  tmly  occur  when  all 
three  intersected  in  one  point,  or  that  one  was  zero  in  value  when  the 

"  Parsons.  Loc.  cit.,  p.  274. 
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other  two  intersected.  As  these  conditions  are  never  completely 
realized,  perfect  equilibrium  seems  to  be  impossible.  Should  more 
delicate  methods  of  study  of  the  visual  reflexes  be  devised,  as  will 
probably  be  the  case,  this  imperfection  of  equilibrium  may  then  be 
more  apparent  than  is  the  case  with  the  persistency  curves. 

It  is  interesting  to  note  that  Burch^°  found  the  mean  value  of  the 
transition  point  between  red  and  green,  for  seventy  persons,  to  be 
.  573/x,  and  between  green  and  blue  to  be  .  5003/i.  The  former  is  nearly 
the  equilibrium  color  .570ju,  and  the  latter  is  almost  the  mean  of  the 
group  of  three  equilibrium  colors,  A&Ofx,  .505^t,  and  .520//. 

It  is  quite  possible  that  the  sensory  visual  reflexes  may  also  account 
for  the  intrinsic  light  of  the  eye.  This  is  a  general  sensation  on  the 
retina  of  "very  dark  greyness."  "That  endogenous  stimuli  are  the 
cause  can  scarcely  be  doubted,  but  whether  these  are  primarily  retinal 
or  of  central  nervous  origin  remains  uncertain,  though  it  is  now  gen- 
erally agreed  that  they  are  central. "^^  Since  the  three  sensations  are 
always  together  affected  reflexly  the  result  will  always  be  the  produc- 
tion of  white  light  of  some  intensity.  This  colorless  light  w^ould  neces- 
sarily be  of  central  origin. 

The  determination  of  the  reflex  sensations  of  the  color-blind  will 
no  doubt  give  valuable  information  concerning  the  nature  of  this 
peculiarity  of  vision.  In  a  former  research,'*-  the  author  obtained  the 
normal  curves  of  about  twenty-four  subjects,  including  one  totally 
color-blind,  which  were  readily  classified  into  six  of  the  seven  possible 
types  of  color  blindness  according  to  the  Young-Helmholtz  theory. 
These  now  need  to  be  supplemented  with  the  reflex  and  fatigue  curves 
of  similar  types. 

It  is  possible  that  the  reflex  effects  in  the  color-blind,  due  to  one 
or  two  or  even  all  three  sensations  may  be  of  equal  magnitude  with  the 
direct  effects  and  so  produce  white  or  grey  in  place  of  one  or  more  of 
the  color  sensations.  In  total  color  blindness,  vision  may  be  achro- 
matic because  of  constant  equality  between  direct  and  reflex  effects  at 
all  intensities,  a  condition  which  may  also  exist  at  moderate  intensities 
in  the  peripheral  retina  in  normal  eyes.  One  fact  only  may  be  adduced 
at  present.  The  explanation  of  the  neutral  point  of  the  color  blind 
may  be  the  same  as  for  complementary  colors  in  normal  eyes, — equal- 
ity of  direct  and  reflex  sensations  of  two  colors.     The  average  position 

^"  Parsons:   Colour  Vision,  p.  115. 

«Ibid:  p.  104. 

«Phys.  Rev.,  15,  p.  193;  1902. 
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of  the  neutral  points  determined  by  seventeen  color  blind  subjects 
was  .509/1,  of  which  the  greatest  was  .516/i  and  the  least  A95n.  This 
mean  value  lies  between  the  two  equilibrium  points  .505/i  and  .520/i, 
and  is  almost  identical  with  one  of  the  coincidence  points,  .  501/i,  of  the 
fatigue  and  reflex  curves. 

\.  Evidence  for  Sensory  Reflex 

The  author  is  not  a  physiologist  and  by  no  means  holds  the  attitude 
perhaps  implied  by  the  brief,  dogmatic  title  of  this  communication. 
It  is  obvious  that  physiology-  must  decide  whether  these  phenomena 
may  properly  be  included  under  sensatory  or  sensory  as  distinguished 
from  motor  and  secretory  reflexes. 

In  support  of  this  view,  however,  the  following  considerations  are 
suggested. 

The  optic  nerve  of  each  eye  proceeds  to  the  optic  chiasma  where 
the  decussation  of  the  fibres  from  the  nasal  side  of  each  retina  takes 
place.  From  the  optic  chiasma,  each  optic  tract  proceeds  backwards 
and  ends  in  the  lower  xisual  centres  on  the  corresponding  side.  From 
these  centres,  the  corresponding  radiations  proceed  to  the  occipi- 
tal cortex  of  the  cerebrum  where  the  higher  visual  centres  are  situated. 
This  constitutes  the  course  of  the  afferent  fibres  from  each  retina  to  the 
occipital  cortex." 

Arising  from  the  cells  of  the  occipital  cortex  are  efferent**  fibres 
which  proceed  via  the  optic  radiations  to  end  in  the  lower  visual 
centres.  From  these  centres  new  efferent  fibres  arise  which  travel  to 
each  retina. 

The  presence  of  both  afferent  and  efferent  fibres  in  conjunction  with 
the  retina  of  each  eye,  establishes  the  anatomical  basis  for  the  conduc- 
tion of  impulses  from  and  to  each  retina.  Up  to  the  present  no  phe- 
nomenon has  been  observed  which  would  demand  the  existence  of 
efferent  fibres  to  the  retina  from  the  higher  centres.  The  fact,  as  is 
shown  in  this  paper,  that  a  color  stimulus  upon  one  retina  enhances 
the  perception  of  colors  in  the  other  retina  indicates  that  there  must 
be  some  route  whereby  the  two  eyes  mutually  affect  each  other  ti* 
produce  opposite  effects.  Due  to  the  existence  of  the  anatomical 
essentials  of  a  reflex  arc,  i.e.,  the  afferent  and  efferent  fibres  connected 
with  each  retina,  it  is  possible  to  explain  the  effect  observed  by  a 

**  Text-Book  of  Anatomy.    Cunniniihani.  5ih  Ed.  pp.  620  and  769. 

*•  Cunningham,  loc.  cit.,  p.  620.    .\l«o:   Gray,  .Vnalomy  p.  S30;  (1920  cd.'. 
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reflex  occurring  which  in  some  way  changes  the  state  of  the  receptor 
elements  of  these  organs  in  the  unstimulated  retina.  It  is  to  be  noted 
in  the  foregoing  that  the  reflex  observed  from  retina  to  retina  is  not  of 
the  same  essential  nature  as  the  conventional  motor  or  glandular 
reflexes,  since  in  the  first,  the  efferent  impulses  do  not  produce  a  motor 
or  a  secretory  effect,  but  in  some  way  alter  the  visual  end  organs  so 
that  they  perceive  certain  colors  in  a  different  way.  For  this  reason 
it  seemed  appropriate  to  call  the  new  effect  a  sensatory  or  sensory 
reflex.  This  effect  is  not  only  transferred  from  one  eye  to  the  other 
but  occurs  also  in  the  directly  stimulated  retina  as  well. 

The  experimental  results  set  forth  in  this  paper  seem  to  be  included 
in  Howell's^^  definition  of  a  reflex  action,  which  is  stated  to  mean  "the 
involuntary  production  of  activity  in  some  peripheral  tissue  in  conse- 
quence of  a  stimulation  of  afferent  nerve  fibres,"  the  conversion  of  the 
afferent  into  the  efferent  impulse  being  effected  in  the  nerve  centres. 


Le^t  T^tttvvo, 


■Ri'^K-t:  "Retina. 


Optic  Tracts. 


{Schaefer.) 


In  Fig.  35,  is  reproduced  Schaefer's  very  general  sketch  of  the 
nervous  tracts  of  the  eye.  In  Starling's  treatise  on  Human  Physi- 
ology,'*^ from  which  this  figure  is  taken,  Hartridge  briefly  describes  the 
functions  of  the  four  classes  of  nerve  fibres  connected  with  the  retina. 


«  Text-Book  of  Physiology,  8th  Ed.,  p.  139. 
«  3rd  Ed.,  p.  552. 
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With  three  of  these  we  are  not  at  present  concerned.  But  the  fourth 
class  is  thus  described:  "The  function  of  these  inter-retinal  libres  is 
not  known  definitely.  It  has  been  suggested  that  they  cause  changes 
in  one  retina  when  light  falls  on  the  other,  as  for  example,  cone  move- 
ment .  .  .  lastly  binocular  contrast  and  after  images  have  been 
ascribed  to  them." 

Hartridge  does  not  describe  the  structure  of  these  fibres  sufficiently 
in  detail  to  enable  one  t(j  decide  whether  they  are  of  such  a  nature  as 
to  constitute  the  reflex  arc.  But  the  jiroof  that  binocular  contrast  is 
due  to  the  reflex  color  process,  as  shown  above,  may  justify  the 
ascription  of  this  phenomenon  to  the  fibres  in  question. 

The  possibility  of  the  existence  of  a  sensory  reflex  led  Sherrington*' 
to  make  extensive  experimental  search  for  it  in  the  sensation  of  vision. 

In  further  support  of  this  view,  that  the  effects  observed  are  of  a 
reflex  nature,  it  is  interesting  to  note  that  the  latent  period  of  this 
reflex,  i.e.,  the  time  taken  for  the  causative  impulse  upon  the  retina 
to  produce  its  initial  reflex  effect,  compares  favourably  with  the  latent 
periods  of  well  known  motor  reflexes. 

If  it  is  assumed  that  the  Bidwell  effect  previously  described  is  due 
to  a  sensory  reflex  process,  then  from  his  description  of  the  experiment, 
the  appearance  of  the  complementary  color  occurs  in  from  about 
0.015  to  0.02  second,  which  is  the  latent  period. 

The  times  which  Jolly'*  obtained  in  estimating  the  latent  period  of 
the  motor  reflex  known  as  the  'knee-jerk'  in  three  cats  are  0.0053  sec, 
0.011  sec,  and  0.012  sec.  In  these  animals  the  spinal  cord  was  severed 
so  that  the  reflexes  were  free  from  cortical  control,  a  condition  which 
invariably  decreases  the  latent  period  of  a  reflex.  The  order  of  magni- 
tude of  the  periods  of  the  sensory  and  motor  reflexes  is  the  same. 
From  the  arrangement  of  both  aflerent  and  efferent  flbres  it  may  be 
concluded  that  the  sensory  reflex  is  under  the  control  of  the  higher 
centres,  and  therefore  there  is  a  legitimate  reason  for  its  period  being 
somewhat  longer  than  those  measured  by  Jolly, 

It  may  also  be  pointed  t)Ut  that  the  'knee-jerk'  is  the  most  raj)id 
reflex  known,^''  and  when  it  is  fouml  that  the  latent  j)eriod  for  the 
sensory  reflex  compares  favourably  with  that  of  the  most  rapid  motor 
reflex  there  seems  little  doubt  as  to  its  nature. 

*■  Integrative  .\ction  of  the  Xenous  S\-stem.    Lecture  X,  p.  -v^4. 
*'  Starling;   loc.  cit.  p.  3.>5. 

For  otlicr  rellex  time  determinations  sec  Howell,  loc.  cit.  p.  145. 
**  Starling:  loc.  cit.  p.  335. 
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My  colleague.  Dr.  C.  H.  O'Donoghue,  Professor  of  Zoology,  who 
very  kindly  read  this  last  section,  suggested  that  possibly  the  'sensory 
reflex'  may  excite  a  secretory  action  connected  with  the  production 
of  the  visual  purple  or  other  visual  substances.  This  may  be  decided 
by  ascertaining  whether  secretory  action  is  sufficiently  rapid  to  perform 
its  function  in  the  brief  time  limit  allowable.^" 

If,  however,  the  visual  purple  is  to  be  regarded  as  a  factor  in  reflex 
visual  phenomena,  another  function  will  have  been  added  to  the  list 
already  suggested  for  this  puzzling  substance. 

I  desire  to  record  my  appreciation  of  the  kindness  of  Messrs.  A. 
Hollenberg,  B.A.,  and  M.  S.  HoUenberg,  M.A.,  in  bringing  to  my 
attention  anatomical  and  physiological  considerations  intimately 
concerned  with  the  experimental  results  of  this  enquiry,  and  to  Mr. 
W.  A.  Anderson,  B.  Sc,  for  assistance  in  reducing  the  measurements. 

I  am  especially  grateful   to  the  Honorary  Advisory   Council  for 

Scientific  and  Industrial  Research,  Ottawa,  for  a  substantial  grant  in 

aid  of  my  researches  in  color  vision. 

Department  of  Physics, 
University  of  Manitoba, 
Winnipeg,  Canada. 

'O        Sec     Sto-TlvV^       (oc.ci^.       p'7// 
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On  the  Effect  of  Aural  Fatigue  upon  the  Critical  Frequency 
of  Pulsation  of  Tcnies.  By  MoLLiE  Weinberg,  M.A., 
M.Sc,  Research  Student  of  the  Honorary  Advisory  Council 
for  Scientific  and  Industrial  Research,  Ottawa,  and  Frank 
Allen,  Ph  I).,  F.E.S.C.,  Professor  of  Physics,  University 
of  Manitoba*.      i 

ri  ''HIS  investigation  is  concerned  with  the  effects  of  fatigue 
I  upon  the  persistence  of  audition,  or  the  duration  of  the 
tone  at  the  critical  frequency  of  pulsation  or  flutter.  The 
results  herein  described  seem  to  throw  new  light  upon  some 
of  the  phenomena  of  acoustics,  and  also  upon  the  probable 
structure  of  the  aural  mechanism  by  means  of  which  tones 
are  perceived  and  differentiated  from  each  other. 

The  apparatus  used  is  the  same  as  that  described  in  a 
previous  communication  f. 

The  source  of  sound  was  a  tonvariator  blown  by  a  stream 
of  air  from  a  constant-pressure  tank.  The  tonvariator  was 
enclosed  in  a  sound-proof  box  having  one  opening  through 
which  the  sound  could  escape.  The  periodic  interruption  of 
the  continuous  sound  was  effected  by  the  rotation  of  an 
aluminium  disk  in  which  were  four  holes  of  the  same  size  as 
thiit  of  the  opening  in  the  box.  For  measuring  the  time  of 
rotation  of  the  disk,  a  speed  counter  and  a  clock  beating 
half-seconds  were  electrically  connected  to  a  ehronograph. 
When  making  measurements,  the  speed  of  the  disk  was 
adjusted  so  that  the  pulsation  or  flutter  of  the  sound  became 
just  imperceptible,  and  then  recorded.     For  fatiguing  the 

*  Read  at  tbe  meeting  of  the  Royal  Society  of  Canada,  Ottawa,  May 
ld'22. 

+  "  Uu  the  Critical  Freq^ueucy  wl' Pulsatiou  of  Tones,"  supra,  p.  50, 
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cur,  another  toiivariatur  siiiiiliir  in  all  respects  to  the  one  iu 
the  buund-pruul"  hox,  was  used,  both  instrunients  were 
caliltrateil  t'run»  tStamhird  Tunini;  Forks. 

An  attunjpt  was  niudo  to  determine  the  pro/jossivf  effect 
oE  t"ati«:;uu  lor  incroa^ing  intervals  ot  time,  hut  the  results 
were  too  uncertain  to  In*  of  much  use.  The  niaxiinuui  fati;4uc' 
S('(Mnod,  iiowever,  to  Ihj  attained  in  ahout  two  njinutes  for 
low  intensities  of  sound.  In  the  following,'  exporinients  this 
interval  of  time  waf*  tliorefore  allowed  for  fati^ruin":  the  ear 
heforo  oaidi  measurement  was  made. 

Two  methoda  were  used  in  this  j>art  of  the  work,  one  the 
converse  of  the  other,  in  the  hope  that  the  results  obtained 
from  one  would  confirm  these  obtained  from  the  other. 
Such  happily  a|ipcaretl  to  he  the  case. 

The  first  method  consisted  in  fatii;uin^  the  ear  with  a 
tone  of  constant  fretjuency.  and  Uikin^  measurements  on 
tones  varvinii  over  a  ranee  ot'  about  tifteen  vibrations  above 
and  the  same  number  below  tln'  tuti^Miin;^  tone.  The  second 
meth(»d  consi.-^ted  in  taking  measurements  on  a  tone  of  con- 
stant frotjuency,  and  varyinif  the  fati<;uin<^  stimulus  over  a 
similar  ranjxe  of  about  tiiirtv  vibrations. 

In  making  tneasurements  the  following  procedure  was 
adopted.  At  a  detinite  blowin;j-j)res.>ure,  the  tonvariator  in 
the  box,  upon  which  the  measuremei>ts  were  made,  was  ad- 
justed to  give  a  tonq  of  any  tlcsired  pitch,  and  the  second 
tonvariator  was  accurately  tuned  with  it  by  means  of 
eliminatinir  beats.  The  left  oar  was  then  fatigued  with  this 
tone  tor  two  minutes  by  holding  it  close  to  the  orifice  of  the 
tonvariator,  and  in>mediately  afterwards  the  measurement  of 
tlie  critical  freijuoncy  of  pulsation  or  flutter  of  tone  was 
made.  The  fatiguing  j)rocess  was  again  and  again  rejH'uted, 
and  >imilar  measurements  were  made  on  a  selected  series  of 
tones. 

Sets  of  such  measnromont.s  are  given  in  Table  \.  The 
persistency  curves  defined  by  these  points  were  taken  to 
represent  the  effect  j)roduced  by  fatiguing  the  ear  with  tones 
of  constant  fretjuency.  The  curves  are  shown  in  fig.  1.  The 
curve  through  the  sn>all  circles  is  the  normal  obtaineil 
with  tbt)  unfatigiied  ear,  and  is  plotted  from  the  data  in 
Tablt*  VI.,  F.  which  is  tidien  from  a  forujcr  ct)mmunicatioH  *. 
The  broken  line  curves  through  the  x  's  are  the  t'atigue  curves. 
The-e  are  characterized  by  prominent  elevations  covering  in 
each  case  a  range  of  altoiit  sixteen  vibrations,  with  the 
maximum  occurring  at  the  frciuencv  of  the  tatiiiuing  tone, 
as  is  to  bo  expected. 

*  "  On  tho  Critical  Froqueucy  of  rulsation  of  Toues,"  stt/'ni.  p.  50. 
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Table  I. 
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Fatigue  Curves  for  different  Frequencies  at  same  Pressure. 


Pressure.  Frequency.  Duration. 

P.  N.  D. 


Normal  Curve, 

D.V. 

Sec. 

1-82  cm. 

14.3-0 

00206 

9f 

1670 

•0192 

yy 

1900 

-0187 

yf 

214-0 

•0170 

99 

237  0 

-0161 

)> 

260-5 

•0153 

1» 

284-0 

•0146 

Fatigue 

Curves. 

1-82  cm. 

1330 

00206 

tj 

1460 

-0205 

1J 

149-5 

-0202 

ti 

152-5 

-0213 

1> 

155-5 

-0206 

ti 

158-2 

-0196 

n 

167-0 

-0193 

1-82  cm. 

•227-8 

0-0164 

>»    , 

237-0 

-0163 

}i 

240-0 

-0175 

)j 

242-8 

•0180 

*t 

245-5 

-0161 

)» 

248-2 

-0158 

)9 

255-8 

•0155 

Pressure.  Frequency.  Duration. 


P. 


1-82  cm. 


N. 


D. 


Fatigue  Curves  (cow/.). 


1-82  cm. 


1-82  cm. 


D.V. 

Sec. 

149  0 

0-0201 

156-4 

•0199 

159-2 

•0205 

162-2 

•0212 

165  0 

•0198 

168-0 

•0192 

176-5 

•0187 

185-8 

0-0183 

194-5 

•0182 

197-2 

-0191 

2000 

-0195 

202-8 

-0183 

205-6 

•0176 

213-8 

-0171 

255-8 

0-0155 

264-0 

•0156 

267-0 

•0158 

269-6 

•0171 

272-4 

•0159 

275-2 

-0148 

281-0 

-0148 

Fgi .  1. 

■  02.2 

A 

,v 

^,'^- 

■  OU 

"^ 

"^^ 

•018 

.016 

s 

0 

V3 

T>v 

■  *  ~^  "■  ^ 

!  \ 

i.o/if. 

Prf^u-enc^.  DV- 

lifO 


ISO 


ZXO 


Z(,0 


By  the  converse  method,  similar  fatigue  curves  were 
obtained,  the  measurements  being  made,  in  each  case,  on  a 
constant  tone,  and  the  fatiguing  tone  being  varied  over  a 
range  of  about  forty  vibrations,  as  shown  in  Table  11.  These 
fatigue  curves  are  plotted  in  fig.  2.     The  elevations  in  these 
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Taulk  II. 
Fati;;iH'  (.'iirvt'S — liv  Srcoinl  Method  (<'oii>taiit  I'rcssiire). 
P.  N.      "    1). 


l"7t>  cm. 


1pmr\ 
it  cm. 


1'78  cm. 


1"78  cm. 


•0/a 


0/6 


OOitf 


Stv. 
Noniiiil  Pi  lint, 
lyo:.         MU171 
Kuligue  Cupvi*. 


irt7  0 
1715  f. 
175I-.3 
1N2U 
IS.-.i) 

1^7  •:» 

I'J.S-' 
198.') 

2m  7 
•_'<M ;. 

21:M5 


0017:5 
•01 7-' 
•0171 
0172 
•0172 
•017.'> 
OlSS 
•0178 
•0171 
•0170 
•017O 

•MITK 

•oitjy 


Nurmiil  Point. 

VMi>         OOhiG 

Fiitijiue  Ciirvf. 


l.sl-0 
P.tl  2 

im-ii 

llKlil 
lii;t-.s 
202(1 
20.1:5 
208-1 
218-4 


OOlf.fi 
•Olt)7 
•01(57 
-0172 

•oi8<; 

-0173 
•01(56 
-01(5.". 
•01  (57 


V. 

N  . 

Sec. 

Noriiiit 

1  Pomt. 

\'t<  cm. 

2lM(l 

00i:i4 

riiti-^iie 

Curre. 

1-7S  i-m. 

•_'(MI(I 

OOliH 

•207  1 

(tl.V. 

»• 

210  0 

•It  1:4 

»• 

212  7 

ul.',.-. 

21.V7 

■(»!.> 

„ 

2184 

017:. 

,. 

22 1-;; 

•oir.7 

(* 

224  n 

■in:>\ 

•J'2<5<5 

•oi:.4 

•J-_".i8 

0154 

•• 

2;57  1 

•01. '.4 

Norma 

Point. 

17^  cm. 

2448 

0  01.'.0 

Fatigue 

Curve. 

r7>  cm. 

218^4 

0  0149 

„ 

22t><i 

(1148 

., 

22"^•7 

■•1148 

., 

231  G 

•01. Ml 

•2.54-:> 

•0151 

,. 

•2;J7  0 

•01.50 

„ 

2400 

•I»l.'>7 

, 

24  J  8 

•0171 

»' 

24.'..'» 

•01:.:. 

,, 

248  2 

•01.^2 

,. 

•2,'il  0 

•014i> 

,, 

2:)*  0 

•Ol.M 

,; 

•2:)(58 

■0149 

»• 

2G.'K) 

Ol.Vl 

'?• 

O 

0 

•            , 

1   •               '1 

.»t  0  ^'   • 

i       ..-■*">     *v«!l- >-- 

Frequency.  P  v. 

no 

2.00                130               Zko 

• 

130     Miss  Weinhero-  and  Prof.  Allen  :  Effect  of  Aural 

curves  are  symmetrical  with  the  axis  o£  frequencies,  since 
the  normal  has  only  one  value,  which  is  the  duration  of  the 
tone  on  which  measurements  were  made  at  the  critical 
frequency  of  pulsation.  This  is  indicated  in  each  case  by  a 
small  circle  at  the  proper  frequency,  through  which  the  full 
horizontal  line  is  drawn.  The  elevations  again  are  found  to 
cover  the  same  range  of  about  sixteen  vibrations. 

In  the  tables,  P  is  the  blowing  pressure,  in  centimetres  of 
water,  to  which  the  intensity  of  ihe  sound  of  the  tonvariator 
is  proportional^;  N  is  the  frequency  of  vibration  of  the 
tonvariator  ;  and  D  is  the  duration  of  the  tone  at  the  critical 
frequency  of  pulsation,  or  flutter. 

The  curves  indicate  that  as  a  result  of  fatigue  the  per- 
sistency of  sound  impressions  is  greatly  increased.  This 
increase  is  a  maximum  when  the  frequency  of  the  fatiguing 
tone  is  the  same  as  that  upon  which  measurements  are  taken, 
and  diminishes  ver}-  rapidly  as  the  interval  from  the  fre- 
quency of  the  fatiguing  tone  is  increased.  The  entire  range 
atfected  is  about  sixteen  vibrations,  or  about  eight  on  each 
side  of  the  maximum.  The  steepness  of  the  sloj)e  indicates 
that  only  a  few  vibrations  very  near  the  maximum  on  both 
sides  are  affected  to  any  great  extent. 

The  general  nature  of  the  fatigue  curve  is  seen  to  be  the 
same  for  each  frequency.  It  will  be  noticed,  especially  in 
fig.  1,  that  as  the  frequency  is  increased  the  height  of  the 
elevation  also  increases.  So  perfectly  do  they  vary  together, 
that  in  this  figure  the  maxima  of  the  elevations  lie  on  a 
straioht  line,  shown  in  the  figure  as  the  Ijroken  line  AB. 
No  doubt  if  the  ear  w^ere  exposed  to  sounds  of  considerable 
intensitT  for  a  cou[)le  of  minutes  wliile  instrumental  adjust- 
ments were  being  made,  the  apparently  '"  normal ''  curve 
thereby  obtained  would  in  reality  be  the  straight  line  forming 
the  locus  of  the  maxima  of  the  fatigue  elevations.  Possil)ly 
this  may  have  been  the  case  in  Mayer's  experiments,  and 
may  explain  why  his  normal  curves  were  straight  lines,  as 
indicateil  in  a  former  communication  f. 

The  elevations  also  show  a  slight  gradual  widening  of  their 
bases  as  the  frequency  is  increased.  This  would  indicate 
that  the  range  of  resonance  arches  in  the  ear  affected  bj'  any 
tone  is  slightly  greater  as  the  fre(|uency  is  raised.  The 
range  of  frequencies  used  in  this  investigation,  consisting  of 

*  Misses  Love  .and  Dawson,  Phys.  Rev.  vol.  xiv.  p.  49  (1919). 
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l)iit    ono    octavo,    is,   however,    too    small    for    any    lelialdf 
coMcliisioii  to  l)f  drawn. 

As  iiulieateil  alt«»vf,  the  elevations  increase  in  hiM^fht  as  th<' 
freijiiencv  of  the  fati^ninjj;  tone  is  increaseij.  'I'hi-  may  he 
caiiseil  hv  an  increase  in  the  sensitiveness  <it"  the  r<'>onatin"[ 
mechanism  of  the  ear  on  account  of  |ir<'ssnre.  In  support  of 
this  itiea  ;in  experiment  duo  to  (ielle  may  lie  eite«l.  If  a 
tunin<(-forlc  is  ]>ressed  a;iainst  tin?  iipjier  part  of  the  forehejid 
until  its  vihralions  are  faintly  heard,  and  tln-n  a  fin;:er  he 
presseil  at^ainst  the  ear  -o  a-^  to  in«"reaso  the  pressure  on  the 
meml)rancs,  the  jdivsioio;i;icaI  intensity  of  the  tone  {■>  ;4r<':itl\ 
increaseti. 

When  the  pitch  of  a  tone  is  raised,  the  waM's  impin;^*'  tipon 
the  memhranes  ot  the  ear  with  increasing  tVe(]Ueney.  The 
resonaliii"  arches  mav  not  therefiire  ha\('  sulHcient  time  in 
wliieh  to  recover  from  one  impuls«?  hefore  the  next  wave 
arrives.  TIh^  li-inti^  freipiencv  of  the  tone  may  produce  a 
certain  steaily  increase  of  pressure,  which,  in  tni-n.  incn-ases 
the  sensitiveness  of  the  auilitorv  reci'plors.  The  re>onatini^ 
arciies  consecpu-nllv  are  disprop(irtii»nately  lati;;ued  antl  in 
such  a  condition  resjiond  more  shi<£«>;ishly  to  the  stimulus, 
and  tiio  duration  of  the  tonf  is  increased  when  the  fretpiencv 
of  pulsation  reaches  its  <  rilical  \alue. 

In  i\'S.  \\  are  shown  three  (vertical)  series  of  fatii^ue 
curves,  eacii  series  rejtrestMitin;^  the  elVect  of  fati^aie  of 
approximat(dy  the  same  freipiencv  for  siM-en  diti'erent  prt-s- 
sures  or  intcMi-ities,  In  series  1.  the  lati^uin;^  freipiencv  wms 
altout  itil'.  in  S'-ries  Il.ahont  I'J.'^,  and  in  series  1 1 1,  ahoiit 
I'in.  The  com|det(»  data  are  <riven  in  Tahh*  111.  In  rx- 
aminin^  this  (i<iure,  it  will  he  noticed  that  the  lowest  cuive, 
A,  is  that  for  the  lowest  hlowin<;-pressure,  which  «;iv(  s  the 
weakest  tone,  and  the  others  represent  tones  i^railually  in- 
creasin^i  in  loudiH'ss.  The  curves  are  ilrawn  to  the  same 
.scale.  Tht>  data  for  the  luuinal  ciu'ves  are  in  Tahh'  \  I. 
The  coli'jnns  X.  in  Tahjc  111.,  cimtain  the  tones  upon  which 
measurements  were  made. 

The  three  series  ajiain  show  thai  the  ellect  of  lali«fue  is  to 
increase  the  time  of  iho  critical  frcipiency  «)f  puliation.  Also 
this  iii'Mcasi-  liecomes  l«ss  as  tin-  intensity  of  the  tone  he- 
comes  irreater.  The  diminutive  si/.o  of  the  elevation^  in  the 
curve  (J  for  the  loudest  tone-;  employed  indicate'^  that  for 
vers  intense  sotmds  the  fatigue  idovalions  would  tiisappear 
alto<iether.  This  mie;ht  not  he  due,  however,  to  the  ahsence 
of  faliuue,  hut  to  th<'  prohahilitv  that  at  Injiher  intensities 
the  ear  is  fatigued  in  much  >horter  time — that  is,  during  the 

K-2 
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time  in  which  the  measurements  of  the  critical  frequency  of 
pulsation  Avere  being  made.  In  that  case^  what  would  appear 
to  be  a  smooth  normal  curve  would  in  reality  be  the  line 
through  the  maxima  of  a  series  of  fatigue  elevations  as 
pointed   out   above.     In  fig.  3   the  summits  of  the  fatigue- 
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elevations  in  the  curves  A,  B,  C,  and  D  lie  quite  accurately 
on  straight  lines,  and  the  remainder  nearly  so. 

These  curves  are  fully  confirmed  by  others  obtained  by 
the  second  method — that  is,  by  measuring  the  critical  fre- 
quency of  pulsation  of  a  tone  of  constant  frequency,  the 
fatiguing  tone  being  varied  in  pitch.  The  measurements 
are  shown  in  Table  IV.  and  the  curves  corresponding  in 
fig.  4. 
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Table  III.  (contd.). 
Fatigue  Curves.     First  Method, 
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Til  Table    IV.  the  ton.'-;    in    the   column^,    N'.    were    tlie 

fati^riiiii'j  tones. 

Tahi.k  I  v. 
Fati;:;iie  Curves.      Seetnid  Method. 
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As  in  the  pt-eoeiling  fi^iirps,  tlie  liei^ht  of  the  eh'vations  shows 
that  the  persistenee  after  fatiiiiie  heeou'.es  o renter  as  the 
niusieal  seaK'  is  ascended.     The  narrowness  of  the  rant^e  of 
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frequencies  affected  is  seen  more  clearly  in  this  figure 
because  the  reference  curve  or  norinal  upon  which  the 
fatigue  elevation  is  superimposed  is  the  pontinuous  horizontal 
line  drawn  through  the  normal  A'^alue  of  the  critical  frecjuency 
of  pulsation  which  is  marked  Avith  a  small  circle. 

In  fig.  4,  also,  are  shown  two  series  of  fatigue  curves, 
each  for  a  nearly  constant  frequency,  but  varying  blowing- 
pressures  or  intensities.  The  lowest  curves  in  the  figure  are 
for  tones  of  weakest  intensity.  Again,  the  decrease  in  the 
apparent  effect  of  fatigue  as  the  tone  increases  in  intensity 
is  clearly  indicated,  as  is  also  the  increase  in  the  effect  of 
fatigue  with  increase  of  frequency — /.  e.,  the  height  of  A'  is 
greater  than  that  of  A,  of  B'  than  B,  etc.  The  two  methods 
therefore  give  results  that  are  perfectly  consistent  with  each 
other. 

These  results  of  aural  fatigue  are  susceptible  of  explanation 

bv  assumiuo-  the  existence  of  a  resonance  mechanism  in  the 

ear.     We    may    sup])0se    that   the    organ    of   Corti    is    that 

mechanism,  the  forty-five  hundred  arches  acting  as  a  series 

of  resonators.     For   the  sake  of  brevity,   let   us  term  those 

arches  possessing  natural  vibration  frequencies  corresponding 

exactly   to   that  of  an  entering  wave  the  resonal  arches  of 

that  frequency,  and  two  or  three  adjacent  arches  on   each 

side  of  the  resonals  the  auxiliarr  arches.     Tlie  evidence  from 

the  curves  may  be  interpreted  as  follows.     AVhen  a  train  of 

simple  waves  enters  the  cochlea,  the  resonal  arches  are  set 

into  vibrations  of  corresponding  amplitude.     The  auxiliary 

arches  arc  also  quite  strongly  affected.     Further,  the  arches 

corresponding  to  about  five  or  six  additional  vibrations  on 

each  side  of  the  resonals  are  also  rliythmically  disturbed,  but 

the  amount  to  which  they  are  affected  very  rapidly  diminishes 

as  their  distance  from  the  resonals  increases.     If  the  ordi- 

nates  of  the  fatigue  elevation  may  be  considered  to  represent 

the  relative  amplitudes  of  the  vibrating  arches,  the  intensities 

of  the  tones  from  the  resonals  and  the  auxiliary  arches  will 

be  very  great  compared   with  those   from   the  more  distant 

arches,  which  will  thereby  become  negligible.     The  maiidy 

effective  vibrations  mav  therefore  be  considered  to  be  those 

of  the  resonal  and  auxiliary  arches. 

But  since  the  natural  periods  of  vibrations  of  the  auxiliary 
arches  differ  from  each  other  as  well  as  fiom  the  resonals,  it 
would  apparently  follow  that  a  single  train  of  waves  would 
produce  perceptible  tones  of  about  five  (b'fferent  frequencies. 
In  the  octave  under  study,  these  tones  would  differ  from 
each  other  in  the  extreme  by  about  the  interval  of  a  comma, 
-81/80,  which  is  near  the  usual  limit  of  perceptible  difference 
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in  jiiteli.  But  tlie  various  arches  vil)ratin<;  in  tlicir  natural 
jjeriods  wuuM  jiroducn  a  series  of  l)eats  whidi  wouM  In* 
«*a.sily,  as  well  a.s  aiinoyiu;^!}',  perceiveJ. 

This  gtMioral  ohjection,  thouijh  ur^etl  liv  AN  alt  *  ajiainst 
tin-  ilfliniioltz  res(»nanc«*  tln'ory,  is  reniovt'il  hv  lidntholt/ 
hiuisflt"  t.  ••  An  flasric  hodv  set  into  svniiiafhetic  \iljralions 
liy  any  tone  \ilMates  s\  uijiatlietieally  in  the  pitrh  number  of 
the  excitin;;  ton(?  :  hut  as  soon  as  the  excitin<f  tone  c'eat«es,  it 
^oes  on  soun<linL:  in  tin'  pitch  nuuiher  ot  its  own  proper 
tone.  This  tact,  whicJi  i>  (iciived  lioni  theory,  may  l»e  per- 
I'ecllv  verilied  on  tuninu-lorks  hv  means  of  the  viliration 
microscope. 

This  conclusion,  applied  to  the  {tresent  experimental  rr- 
sults,  imlicate<  that  the  reason  why  the  auxiliary  arches  are 
not  heard  in  their  natural  frecpUMicies  is  liecause  tlicv  are 
I'onstraineil  to  \ilirate  with  the  same  IrecjUeiicy  as  the 
resonals.  As  soon  as  the  excitin<^  tone  cea>es,  the  entire 
ran«:e  affected  also  ceases  to  \  ihrate  ;  the  tones  dua  to  the 
natural  fri'(|uencies  of  the  auxiliaries  arc  therefore  not  heard. 
The  lii<;li  det^ree  of  dam|>in<;"  exi»erienced  In*  the  viltratin^; 
arches  immorsetl  in  the  lymph  of  the  cochlea  cpiite  naturally 
preyents  any  continuance  of  vibration  after  the  exciting 
wave-train  ceases  to  act. 

The  main  objection  of  \Vatt  to  a  resonance  theory  is 
that  the  arches  on  oatdi  sitle  of  the  resonals  lio  not  cive 
experiences  in  c-onformity  with  the  law  of  specific  ener»fies 
of  semse.  Watt  may  have  been  justified  in  hi>  criticism 
since,  accordine  to  lltdndudtz  J  himself,  the  effect  of  an 
excitin<f  tone  was  distineuislialde  on  the  re.-onatin;;  arclies 
respondine;  to  a  ran^e  of  two  whole  e<jiu»lly-tempereil  ton«*s  ; 
that  is,  in  the  (»cta\e  we  are  considering,  about  sixiv-four 
vibrations.  llejiidioit/.s  curve  is  reproduced  in  ti;^.  •'>  in 
comjtarison  with  the  latie;ue  curve  of  tiie  tone  of  fre<|nencv 
242*.s,  the  n>e:i>iurements  of  the  critical  frecjuener  of  pul- 
sation beine;  made  on  a  series  of  tones  rangin<f  from  lilf>'l  to 
2ti.')  vibralions.  and  the  blowin<r-pressuro  l)ein<r  r7.>  <  m. 
The  data  for  the  fatigue  curve  are  given  in  Talde  \'.  The 
resonating  arches  di>turbed,  accortliug  to  llehnholt/."s  curve, 
extend  over  a  range  more  than  lour  times  as  great  as  that 
indicated  by  the  fatigue  exp«'riment.  In  estimating  the  dut:i 
for  his  cur\e,  Ilelmholt/  >tates  that  exactness  is  out  of  tlio 
4juestion.     The  method  of  the  critical  frec^uencv  of  pulsation 

•   Watt.  •  r-vcbolojry  of  Soiiud.'  p.  14:*,  UU7. 
t  Holmlioltz, '  Sensations  of  Tone."  p.  144. 
t  Loc.  cit. 
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combined  with  fatigue,  hovveA'er,  enables  measurements  to 
be  made  with  quite  conclusive  accuracy.  The  sharp-peaked 
character  o£  the  elevation  of  the  futioue  curves,  tooether 
with  the  very  restricted  range  of  frequencies  disturbed,  seem 
sufficient  to  remove  from  the  resonance  theory  the  objection 
urged  bv  Watt. 
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As  pointed  out  above,  the  experiments  herein  described 
are  limited  to  the  octave  from  142  to  284  vibrations.     If  the 
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fliaracter  of  tlic  fati;iii«i  curves  is  the  same  in  tlu*  ociavi-* 
Ijflow  as  well  as  aliovo,  we  can  explain  a  wcil-kiiown  pheno- 
iiu'Moii  ill  music. 

It  is  universally  recoj^nixed  that  >hakcs  and  runs  in  the 
hass  are  nut  cle:ir,  hut  that  the  tones  merge  into  each  other. 
This  is  independent  ot"  the  instrument   upon  which  tlioy  are 

played.       llelmholt/ *   explains   this  as   follows: — '' 

Since  tile  diliiculty  of  shakinj^  in  the  hass  is  the  same  for  all 
instruments  :  :ind  for  individual  instrunuMits  is  demonstrahlv 
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independent  of  the  manner  in  wliich  the  tones  are  produced, 
we  are  forced  to  conclude  that  the  difficulty  lies  in  the  ear 
itself.  We  have^  then,  a  plain  indication  that  the  vibrating 
parts  of  the  ear  are  not  damped  with  sufficient  force  and 
rapidity  to  allow  of  successfully  effecting  such  a  rapid  alter- 
nation of  tones." 

According  to  the  experimental  evidence  of  the  fatigue 
curves,  the  blurring  or  merging  together  of  tones  in  the  bass 
is  not  due  to  the  peculiar  construction  of  the  ear,  nor  to 
insufficient  damping  of  the  resonance  mechanism.  l)ut  is  the 
natural  consequence  of  the  fact  that  the  tones  of  the  scale 
are  not  separated  by  absolute  numbers  of  vibrations,  l)Ut  by 
numbers  determined  by  fixed  ratios. 

The  difference  in  vibration  frequency  between  two  succes- 
T«ive  tones  in  the  treble  is  very  large  when  compared  with 
the  difference  l)etueen  two  such  tones  in  the  Ijass  ;  for 
<?xample,  the  difterence  between  c'',  512,  and  d" ,  576,  is  (34 
vibrations,  whereas  the  difference  between  C],  32,  and  D^,36, 
is  onl}^  4  vibrations.  In  a  run  in  the  treble,  therefore,  each 
tone  is  so  far  moved  from  the  one  preceding  that  the  arches 
stimulated  by  the  first  tone  are  altogether  outside  the  region 
of  influence  of  the  second.  I1  can  very  clearly  be  seen 
therefore  that,  when  c",  d'\  e",/",  etc.  are  sounded  in  rapid 
succession,  the  effect  v/iil  be  distinct  and  brilliant.  And  the 
higher  the  pitch  of  notes  with  which  the  runs  and  trills  are 
made,  the  more  distinct  will  each  tone  be  from  the  other,  and 
the  more  brilliant  the  total  impression. 

In  the  bass,  on  the  other  hand,  the  opposite  will  be  the 
case.  The  difference  between  two  successive  tones  is  com- 
paratively very  small.  As  previously  noted,  the  difference 
between  Ci  and  Dj  is  only  4  vibrations,  while  an  octave 
higher  it  is  only  <S  vibrations.  Since  the  difference  in 
frequency  between  consecutive  tones  is  so  small,  many  of  the 
arches  responding  to  one  tone  will  also  respond  to  the  other  ; 
in  fact,  nearly  the  same  range  will  be  influenced  by  each 
tone.  The  arches  most  strongly  affected  will  be  the  resonals 
of  each  tone,  and  these  are  themselves  not  far  distant  from 
each  other.  In  fig.  1,  in  which  fatigue  curves  for  five 
frequencies  at  the  same  pressure  are  shown,  it  will  be  noticed 
tliat  the  elevations  for  152  and  163  overlap  to  some  extent. 
The  difference  in  frequency  in  this  instance  is  eleven  vibra- 
tions. If  the  difference  in  frequency  were  smaller,  the  over- 
lapping would  be  greater  ;  therefore  the  farther  down  in  the 
bass  one  attempts  to  produce  a  rapid  succession  or  alternation 
of  tones,  the  more  nearly  will  the  same  range  of  resonators  be 
influenced  by  adjacent  tones,  and   the  more  indistinct  and 
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bliiii-  1  ^^l.l  i..-  ilio  treiUTul  iiii|»n'»^ioii.  If  stMiiitoiius  are 
eiu|tlu\ftl  instead  ol'  ttiiu's,  the  iii(li"«tiiictiu*>-N  will  he  |iroj.or- 
tioiiatfly  increased. 

Tlif  rosult>  of  this  invostii^atiuii  sceiii  to  Jiiid  their  natural 
e.\|ilaiiation  in  t<'rin>  of  th<'  resonaiuM-  thut>ry  of  audition,  and 
th(;rLd(»rt'  no  proont  attempt  has  ht^-n  ni:ide  to  interpn-t  lln-ni 
in  aci'ordanrc  with  the  W'ri^fhtson  di«ithictMn«'nt  tlieorv. 

Thi-  i---..iii'h  was  condiK'ted  nndei-  the  auspices  of  the 
Jionoiary  Advisory  ( 'ounoil  for  Scicntilie  and  Industiial 
Kesoandi,  <>ttawa,  to  which  hod\-  we  wi-h  to  exjiress  our 
thanlv>. 

Di-pitrtincnt  of  I'bvsic-.s. 

riiivei'>ity  of  Manitobii, 
Winnipeg. 
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On  the  (^ritical  Ireqiienc/  of  Pulsation  of  Tones.  Bij 
MoLLiE  Weinberg,  M.A.,  M.Sc,  Research  Student  of  the 
Honorary  Advisory  Council  for  Scientipc  and  Industrial 
Research,  Ottawa,  and  Frank  Allen,  Ph.D.,  F.R.S.C., 
Professor  of  Physics,  University  of  Manitoba  *. 

T^HE  successful  application  of  the  principle  of  the  per- 
J-  sistence  of  vision,  or  the  critical  frequency  of  flicker,  to 
the  study  of  problems  of  colour  vision  suggesteil  the  probable 
value  of  the  aual<igous  principle  of  the  persistence  of 
audition  <o  the  solution  of  problems  of  the  perception  of 
sound.  In  this  communication  the  results  of  some  investiga- 
tions based  on  this  latter  principle  are  described,  Avhich  sho^v 
that  the  metliod  is  capable  of  extension  to  some  of  the 
phenomena  of  physiological  acoustics. 


^ 


The  experimental    arrangements,  fig.   J,  were    similar  to 
those  used  in  investigations  in  Colour  Vision  f. 

*  Bead  at  the  meeting  of  the  Royal  Society  of  Canada,  Ottawa, 
May  ]9-2± 

t  Phys.  Eov.  vol.  xi.  p.  257  (1900);  I'iiil.  Mag.  vol.  xxxviii.  p.  55 
.(1919). 
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Tlif  source  ol'  soiiml  was  a  Stem  Toiivariator,  T,  placed 
in>iil<'  a  Ijox  lineil  with  verv  soft  thick  felt,  throimh  which  at 
a  siiitahle  jihicv  a  hole  was  rut.  Tlie  tonvariator  was  hlowii 
by  a  stream  of  air  from  a  hir;^f  (•oiistarit-j»res>iire  tank,  and 
tlie  pressure  was  further  re;;uhited  \t\  suitahh*  cocks,  aniJ 
measureil  hy  a  small  water-j^au;^e,  ( J.  Tue  periodic  inter- 
ruption of  the  continuous  sound  into  separate  pul>>eg  was 
effected  by  the  rotation  of  a  li«iht  aluminium  disk,  D,  with 
four  symmetrically  placed  holes  of  the  >am<*  si/e  a»  that  in 
tile  box.  For  this  purpo.-e  an  (dettric  motor  was  used,  which 
was  connected  with  a  stora;'**  batterv  to  secure  exact  reuula- 
tion  of  the  speed.  A  speed  counter,  S,  makin;^  eh*ctric  contact 
every  fiftieth  revolution  of  th<'  disk,  and  a  clock  beatin;^  half 
seconds.  Were  connected  with  a  chrono;;raph  from  wiiich  the 
speed  of  the  disk,  ami  hence  the  critical  frecjucncy  of 
pulsation,  or  flutter,  of  the  sound  was  comjtutcd  when  it 
became  just  continuous  to  tlie  ear. 

The  ideal  di-^k  should  C(»mpletelv  intemiiii  the  -ound  rav 
except  when  its  openin;;s  coincide  with  that  in  tlic  box  from 
which  the  souiul  is  issuin<i.  To  secure  this,  the  disk  mi;fht 
be  made  of  tlie  most  inelastic  material  possible.  J»ut  it  is 
also  essential  that  it  should  be  very  li^jht,  to  perniit  rajiid 
atljiistment  for  the  oritic:d  tre»piency  of  pulsation,  or  flutter, 
of  the  sound.  A  thin  aluminium  <lisk  was  chosen,  as  >tated 
above,  whii-h  was  covered  with  velvet  to  dampen  the  vibrations 
as  far  as  possible.  The  velvet  served  another  purpose  also, 
since  the  disk  couM  be  placed  so  close  to  the  box  that  the 
velvet  pile  just  grazed  its  surface.  It  is  remarkable  iiow 
greatly  the  intensity  of  the  sound  escaping  between  the  box 
and  the  disk  is  lowered  by  eliminatinii  the  last  >li<:ht  <listance 
between  them.  Thet-arof  the  obs<'rver — in  thi-i  arrangement 
of  apparatu.>  the  left  was  most  conveniently  used — w;»s 
always  placed  in  the  same  [>osition,  K,  so  that  vari  itions  in 
the  intensity  of  sound  coidd  not  be  attributed  Xo  anv  <-ondition 
■other  than  the  rotati(»n  of  the  disk. 

The  tonvai  iator  *  is  a  simple  Ki'mig  resonator  with  a 
mo\able  i)ottom  acting  like  a  pi>ton.  Yo  regulate  ihe  pitch  of 
the  tone,  the  piston  is  mov^ed  i)V  a  pin  resting  on  the  edge  of 
a  brass  j>lato  cut  in  a  spiral  of  such  a  torni  that  the  fre.piencies 
may  Ite  read  directly  on  .in  evenlv-graduated  circular  disk 
rigidly  attached  to  llm  spiral.  The  tonvariator  was  capal)le 
of  giving  pure  tones  of  considerable  variation  in  intensity 
covering  the  octave  from  l."»0  to  3oO  d<»uide  vibrations  per 
second.     .Since  the  frequencies  of  the  tonvariator  varied  with 

•   rinisiknlische  Zcihchriff,  vol.  v.  p.  693  (KH)4). 
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the  blowing  pressure,  it  became  necessary  to  obtain  calibration 
curves  from  standard  tuning  forks.  These  curves  were 
exact  straight  lines.  The  corrected  frequencies  ranged  from 
142  to  285  vibrations.  The  intensities  were  those  obtained 
with  air-pressures  from  ]'25  to  2'40  cm.  of  water.  Above 
and  below  these  pressures  the  tones  were  not  sufficiently  pure 
for  experimental  purposes. 

The  greatest  care  was  taken  to  eliminate  all  extraneous 
noises  in  motor,  disk,  .ind  chronograph.  But  it  Wiis  found 
impossible  with  such  arrangements  ;is  were  available  at  the 
time  to  prevent  some  sound  escaping  from  the  surface  of  the 
box  and  through  the  disk.  The  rotation  of  the  disk  produced 
marked  variation  of  the  intensity  of  the  sound  ray,  but  the 
ideal  sudden  transition  from  silence  to  full  intensity,  as  from 
darkness  to  light,  was  by  no  means  realized.  No  doubt 
great  improvements  are  possible  in  the  control  of  sound, 
which  we  have  found  the  most  difficult  part  of  the  problem. 

In  making  the  measurements  the  tonvariator  was  adjusted 
to  give  a  steady  sound  of  the  desired  pitch  and  intensity. 
The  ear  was  then  placed  at  the  proper  plnce  and  the  speed 
of  the  disk  increased  so  that  the  interrupted  pulses  of  sound 
became  fused  into  a  just  continuous  sensation.  The  chrono- 
graph circuits  were  then  closed  and  the  readings  recorded. 
Each  record  gave  several  ?neasurements,  from  which  mean 
values  of  the  critical  frequency  of  pulsation  were  obtained. 
Each  point  on  the  curves  is  the  mean  of  about  ten  measure- 
ments obtained  from  three  or  four  independent  deter- 
minations. 

For  each  pressure  or  intensity  of  sound  such  measurements 
were  made  for  seven  frequencies  extending  through  the 
octave.  Ten  pressures  also  were  used  between  tlie  limits 
mentioned  above.  These  measurements  are  recorded  in 
Table  I.,  from  which  the  corresponding  normal  curves  are 
plotted  in  fig.  2.  Each,  normal  curve  represents  the  relation 
between  the  vibration  frequency,  N,  and  the  duration  of  the 
tone  at  the  critical  frequency  of  pulsation,  D,  for  the  octave 
mentioned,  at  a  definite  pressure  or  intensity  of  sound,  P, 
when  the  ear  was  in  its  normal  unfatioued  condition.  The 
ten  normals  form  a  regular  family  of  curves,  all  being  slightly 
convex  toward  the  axis  of  frequencies. 

The  lowest  curve  of  the  group  is  that  obtained  with  the 
least  pressure  or  intensity  of  sound,  and  the  highest  with  the 
greatest  pressure  or  intensity.  It  has  been  shown  by  Love 
and    Dawson  *    that   the   intensity   of    sound    emitted    by    a 

*  Phys.  Rev.  vol.  iv.  p.  49  (1919). 


('t'ifir.i/  Frt'ijiieitct/  of  Pitlsutton  of    Jones. 

Taulk  I. 
Noniiul  Curv«'s  ( 'orn-ctt-il  lor  Fr«i|(ii*M<*v. 


N 

n.             1'. 

N 

i). 

\    142i> 

mil.-.'i           l-l'.i  i-iii. 

!•• 

U.VM 

*l(l2lNi 

1G41) 

•  •17l' 

167  0 

u  !'..•_' 

1M«1) 

(l|t,(l 

P.MJO 

•il|H_' 

20KO 

llil'.t 

214  U 

<tl7it 

•iaoo 

•Ol.T.t 

2;j7^<t 

M.I  CI 

'Jb'lK) 

•Mi:;ii 

I'tWC.'i 

•m:,'.;i 

•JWO 

<'i-': 

284  (• 

0140 

B.  141':. 

••(•I'M       1-4:.  f.i.. 

G. 

143-(l 

MMlilO 

iGr.5 

•01. s] 

If,7  1) 

(•ii»:. 

1«7."> 

•oitw 

I'.MIO 

•M1.S4 

210U 

Ol.'.7 

21 4^1 1 

•(  1 1 73 

•J3r.() 

•  Mir, 

2.i7  0 

•Mi»;3 

•J.-.G7 

•  •i;i7 

2«50-;> 

•Ml.'il 

I'T^O 

•<'13M 

2840 

•((148 

C.  14J-8 

Olil<t7          l;".3cin. 

li 

143-0 

0(I-JI1 

IGoS 

•11184 

h;7  2 

(Jl'lHI 

188-8 

■'•172 

r.Mc2 

•M1H7 

211-8 

•Olf.l 

214  2 

-M1T7 

l»X>-7 

•<»1.^2 

2372 

Mi(jt; 

l'57y 

•<tN;5 

2C.07 

(ii:.M 

•jsn:. 

•"i:s 

2842 

(ti:.i 

I).  141".. 

'lULMn       roi'cin. 

I. 

143-2 

MM-Jl-J 

KkJii 

<»l"-7 

IC,7  3 

•Mi>»»;i 

Igyo 

•11177 

I'.ll  II 

•MlJlM 

211'0 

•iiiu; 

214  0. 

•Ml80 

2353 

oio;. 

2;j8-(( 

•0171 

2582 

•oi4t; 

2«;i-2 

0160 

28()U 

•(•140 

284-2 

-(n:o 

E.  1430 

0  02t»:5         1  7iU-m. 

J. 

143-:. 

0^121:. 

166  6 

Ul'.MI 

1I-.S2 

ij-jo:. 

18y7 

•Ml  Tit 

H»I  2 

•0H»2 

2ir.i' 

•dlCkS 

2i:)0 

•01S4 

23»5-' 

nl.-,s 

2,-l8-3 

•Ml  73 

2,W3 

•<tl40 

26111 

•0163 

2830 

014o 

28JO 

■«>i:.6 

I' 


\'^'2  <••" 


1  -H-  .-n. 


10  cm. 


2  20  cm. 


40 


resonator  is  j>roj)ort.ioual  to  tlie  l)lo\vin;i  prossuro.  Assuining 
this  to  1)0  true  for  the  form  of  re-^onator  uscil  in  this 
invo-iti;;atioii.  th(>  ourvfs  in  ti^.  2  niav  he  regarti«Ml  as 
intlit-atin;:;  »lofinitt*ly  the  relation  hi'tweon  the  vil.ration 
trequcnry,  the  duratioii  of  tht»  tone  at  the  oriticiil  t"nv]uencv 
of  pulsation,  and  the  int«'nsity  of  the  tone. 

It  is  worthy  of  remark  that  in  tln'  analoirons  normal 
jH'rsistency  our\«'s  for  spectra  *  of  varying:  intensities  the 
opposite  comiition  prevails.  With  lij^ht  rln-  l>ri^hte-t  o.loiir"« 
^ive  the  lowest  eurv.^,  that  is.  thiy  have  the  smallest  values 

»  riiil.  Mag.  vol.  xxxviii.  y.  81  (1010). 
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of  the  duration  of  tlie  light  at  the  critical  frequency  of 
flicker  ;  whereas  in  sound  the  greatest  intensities  have  the 
largest  values  ot  the  duration  of  the  tone  at  the  critical 
frequency  of  pulsation.  The  mechanisms  in  the  two  sets  of 
phenomena  are  widely  different.  Vision  probably  results 
from  photo-electric  action  on  the  nerves  ;  in  sound  the 
auditory  nerves  are  excited  by  mechanical  vibrations. 
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A  somewhat  similar  investigation  to  that  described  above 
was  made  by  Mayer  *.  His  method  w^;is  as  follovi'S  : 
between  a  vibrating  tuning  fork  and  its  resonator  he 
interposed  a  revolving  disk  with  openings  of  the  same 
shape  as  that  in  the  resonator,  so  that  the  sound  was  heard 
loudly  wlien  an  opening  in  the  disk  came  in  front  of  that  in 
the  resonator,  and  faintly  when  the  latter  was  covered.  He 
found  that  his  measurements  conformed  to  the  law 

where  D  is  the  duration  of  the  tone  at  the  critical  frequency 
of  pulsation,  N  the  frequency  of  the  fork,  and  K  and  C  are 
constants. 

The  measurements  given  in  Table  I.  were  tested  b}^  this 
law  and  found,  when  plotted,  not    to   give  sti-aight    lines. 

*  Silliman's  Journal,  ser.  3,  vol.  viii.  (1874) ;    Helmholtz,  '  Sensations 
of  Tone  '  (Eng.  Trans.},  p.  417. 
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Tlif  ;;raphs  jiossosscd  a  slight  ri*;xnliir  L'iirvatun>  v.-rv  similar 
to  that  ut"  tile  iiunnal  curves  in  fig.  2,  hut  oj)j>ositc*  iu  sign. 
No  (luuht  tlie  time  of  iluration  of  the  sound  at  the  critical 
freijuency  ot"  pulsation  ainl  th»*  frecjuency  of  tho  tone  are 
connocteJ  in  some  inverse  relation.  The  jtreeise  nature  of 
tliat  fiinetioii.  as  will  later  he  discussed,  appears  to  he 

-v/jog  N 

where  the  letters  1),  X,  K,  'J  have  the  same  sijinificanct^  as 
aljo\  e. 

The  diU'erence  hetween  MaV(M''s  relation  and  that  here 
ohtairied  is  prohahly  duo  fo  his  method  of  interposing  a 
resonator  hetween  the  source  of  sound  and  the  ear,  whereas 
in  our  experiments  the  fusion  of  sounds  was  effected  in  the 
ear  directly.  Another  j)os<:il)le  explanation  of  Maver's  results 
is  given  in  a  later  communication,  "  K)\\  the  Etiect  of  .\tir;il 
Fatiijue'"  *. 

It  will  he  noticed  in  H<r.  '1  that  the  vertical  distances 
hetween  the  normal  curves  art^  not  equal.  Tlie  interval 
hetween  the  curves  for  the  highest  intensities  is  >mall,  and 
gradually  increases  as  the  intensity  is  decreased.  This 
suggested  the  pos^ihility  that  some  law  connecting  tlu* 
duration  tin)e  at  the  critical  fretjuencv  of  j>ulsation  and  tlu* 
intensity  of  the  somvl  might  he  deiluced. 

\\\  colour  vision,  Ferrv  t  and  I'.irter  *  found  that  the 
relation  hetween  the  duration.  L),  of  a  flash  of  colour  upon 
the  retina  at  the  critical  frequency  of  flicker  and  the 
luminosity,  L,  was  expressed  hv  the  ecjuation 

l)=p/     , (Ferrv) 

IV  loe  L 


•^ 


or  //  =  l\.logL  +  ('   ....      (I'orter) 

where  /(  is  tiie  reciprocal  of  0,  and  K  and  C  are  oon>tants. 
This  ('(juation  i-  intlependent  of  the  wave-length  of  the 
light. 

As  we  have  seen,  the  intensities  of  soumls  and  their  duration 
at  tiie  critical  froipiencv  of  pulsation  have  a  direct  an<i  not  an 
inverse  relationship,  as  is  the  case  in  colour  vision.  Sever:il 
equations  suggested  hy  the  ahove  were  tried  without  suce.  --. 

*  W  126. 

t  Anier.  Jour.  Sci.  (."J),  vol.  xliv.  p.  19."?  ( 1 -^P-JV 

\  Proc.  Koy.  Soc.  vol.  Ixx.  p.  JilS  O^Oi'i. 
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That  which  appears  to  give  the  best  result  is 

D^Kv'logP  +  O 

where  D  is  the  duration  of  the  sound  at  the  critical  frequency 
of  pulsation,  P  the  blowing  pressure  to  which  the  intensity 
of  the  sound  is  proportional,  N  the  frequency  of  vibration  of 
the  tone,  and  K  and  (J  ate  constants. 

In  tig.  3,  plotted  from  the  values  in  Table  II.,  the  critical 
frequencies  of  pulsation  are  plotted  against  the  square  roots 
of  the  logarithms  of  the  ])ressure.  The  resulting  curves  are, 
in  all  five  cases,  straight  lines. 
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sec. 
00203 
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Table  IT. 
D. 

N=180. 
sec. 


0 


•0198 
•0196 
•0192 
•0189 
•0186 
•0184 
•0181 
•0177 
•0172 
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D. 
N=200. 

sec. 

•0189 
•0186 
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•0179 
•0176 
•0173 
•0171 
•0167 
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•01.53 
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•0162 
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•0156 
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•0143 
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N=264. 

sec. 

00164 
•0160 
•0157 
•0154 
•0151 
•0147 
•0144 
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•0134 
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A  further  test  was  jnade.  The  tonvariator  was  maintained 
const:int  at  three  different  frequencies  in  succession,  and  the 
pressures  adjusted  for  eight  successive  values  in  each  case. 
The  frequencies  used  w^ere   170,   200,  and    240  vibrations. 


('ridrul  J'n<jUenr(/  of  J'ulsation  of  Joitft.  .»7 

The  tlalu  ol)taiu«'il  are  iiuor|>i)ratecl  in  Talilf  1 1,  v  itli  tlio^e 
tor  tli«'  saiiif  t'lt'ijiHMicifs  taki-n  Iroiu  tlic  normal  ciirxen, 
Th«*  .-tiai^^lit  lints  in  Hl:.  :'»  an*  tlierei'ore  the  result,  not  only 
of  ilata  taken  from  tlie  normal  tMMN<*s,  l.ut  also  ol  »lata 
obtained  tlirectly  I'rom  in(le|ienilent  ineasiirement-,  'lliis 
I'ornis  :i  more  complete  verilieation  ol  tlie  law  that,  at  llif 
critical  Irecjuencv  of  nul^ation,  tin-  iliiration  ot  it  pulse  ol 
sound  varies  directly  as  tlie  square  root  of  tin-  looaritlmi  of 
tlie  pre<>ure  or  intensity. 

Further  iiive-tijfations  were  made  ooncernine;  the  relation 
ht'tueen  the  critical  fre(|ii<'ncy  of  pulsation,  1>.  ami  iIh- 
frei]Uencv  of  the  tone,  N,  when  tlie  pressure  remained 
constiint.  It  will  he  reinomhered  that  Mayer  liad  expressed 
that  relation  in  tin-  form 

1,=  1J+C. 

On  applvin*:  new  data  ohtained  in  this  investif:ation,  the 
above  law  does  not  hold.     Tlur  oidv  maiuier  in  which  Mayer's 


Olt 
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e(|uatiitii  a;;rees  with  data  lure  obt;iine(l  i>  in  the  fai't  that 
both  indicate  an  inverse  relationship.  The  precise  nature  of 
this  inverse  function  w;is  not  at  first  apparent.  After  trvin«: 
a  number  ol  e»|Ualions,  howe\cr.  we  find  the  oie  that  ajipears 
to  iiive  the  best  results  to  be 


Vlo^r  N 

where    ])   and    N    ha\e  same  meanine;  ;is  previouslv,  and    K 
and  ("  are  arbitrary  constants.     In   tig.  4,  plotted  from   the 
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data  in  Table  III.,  the  time  values  of  the  critical  frequencies- 
of  pulsation  are  plotted  against  the  reciprocals  of  the  square 
roots  of  the  logarithms  of  the  frequencies,  and  again,  the 
results  are  seen  to  be  very  consistent  straight  lines. 
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Table  III. 

D. 

D. 

D. 

D. 

D. 

D. 
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... 

interesting 

to    note    that   whe 

reus    D 

varies 

directly  as  the  root  of  the  logarithm  of  P  when  N  remains 
constant,  it  varies  inversely  as  the  root  of  the  logarithm 
of  N  when  P  remains  constant.  The  square  root  of  the 
logarithm  seems  to  be  involved  in  both  relations. 

This  suggested  the  possibility  of  some  simple  relationship 
existing  between  N  and  P  at  a  constant  value  of  the  fre- 
quency of  pulsation,  D.  For  this  purpose,  horizontal  cross- 
sections  were  taken  through  the  family  of  curves  in  fig.  2. 
Again,  after  many  attempts  had  been  made,  the  following 
equation  seemed  to  give  the  best  results : 

logN  =  K''logP+C", 
Fig.  5. 
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In  fig.  5,  values  taken  from  Table  IV.,  the  logarithms  of 
the  frequencies  were  plotted  against  the  logarithms  of  the 
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pi-f-siires.  The  rt*siiltiii<^  liiifs,  althoup[h  iii>i  a-  i  «jii-!i-ttM»tly 
blr;u«^lit  as  tliosf  rejtieseiiliii^  tlio  other  relations,  sueiu  to 
verity  the  eijiiation. 
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Tlie  threo  laws,  iherotore.  whicli  we  liave  iciilatixely 
iIe»lnco(J  arc  :  — 

|)  =  K  x^l..;:  P  +  C  ;     .      .     .     .      .      '1' 

1>=     .^    ..+»'  = (-') 

V  h>^  N 

lo^N=K"lo<rl'  +  r" CJ) 

Were  it  not  that  the  ( "s  in  o<juations  (^1)  and  (2)  are 
a]>|>ar<'iitlv  ditVerent,  the  two  equations  ini<iht  he  put  together 
in  the  form 

V  loj,'  N 

This  O()uatiori  wouKl  iletiiie  an  aooustieal  surface.  anah)»ious 
in  nianv  respects  to  the  well-known  ihernio-dynaniie  surface, 
each  point  on  this  acoustical  surface  denoting  a  relation 
hetween  the  pressure  or  intensity,  the  fre»|uency  of  the  tone. 
and  its  critical  frequcncv  of  |>ulsation. 

The  ahove  is  an  interesting  conjecture,  wli'.li  mljlif  l.;id. 
on  fuller  investication,  to  fruitful  results. 
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The  ranoe  of  pressures  and  frequencies  in  this  investiga- 
tion was  small,  and  before  the  above  "'  laws "'  can  be  accepted 
with  confidence  they  should  be  tested  tb.rough  a  far  greater 
range  of  intensities  and  frequencies  than  the  apparatus  used 
in  this  investigatioi)  afforded. 

An  attempt  was  made  to  determine  whether  normal 
measurements  of  other  observers  correspond  with  those  here 
obtained,  /.  e.,  whether  the  sensitivity  to  intensity  and  the 
duration  of  tones  are  the  same  for  the  average  ear.  Normal 
curves  of  four  other  observers  have  so  far  been  obtained. 
These  are  shown  in  tig.  6,  with  the  data  from  which  they 
were  plotted  in  Table  V. 
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Tlie  broken  lino  uiiJ  tht*  dut-<la.«ih  cur\esi  :ir<'  tho-H  ot'  tlu* 
Other  observers  :  the  t-oiitiiiuoiis  cur%■e^  ure  thu.>e  of  oii«  of 
the  aiithor.s  (Weinljer<^)  uii<i  ar»*  iiiM-rfetl  for  th»'  -ak«»  of 
fonipurison.     Tlie  ilata  are  also  ;;i\eii  in  Tahlf  V. 

The  curves  arc  tliviii«'<l  into  two  j(roti|>s  ;  tlio>p  in  j^roup  A 
were  ohtaine«l  at  a(>|)roxiniately  the  .«-arnt'  |>r^'^^tlr<•  or  in- 
teiisiitv  ;  those  in  ;iroii|i  H  at  ihti'iTtMit  |»n*.«.-.iires  or  int4'^sitie^. 
The  ;^eijeral  .sh>pe  of  all  the  curves  in  lioth  ;iroii|is  is  vorv 
ncailv  the  same.  Tlu-  vcrv  slijrjit  ilirt"er«'nce  in  curvature  oi 
the  two  curves  in  ;^ruu|»  li,  as  seen  hv  their  inieraection  at  a 
verv  minute  anjj;le,  may  perhaps  he  attrihuted  to  the  in- 
experience of  tile  other  observers. 

AssuniiiiiX  the  ears  of  all  the  olxervers  to  be  averajje,  tJu^ 
approximate  samcne-is  of  the  ^feneral  slope  maybe  taken  t<> 
indicate  that  the  «iei£ree  of  decrease  in  the  duration  of  a  tone, 
as  its  viijration  frequency  «»r  jutch  becomes  hie;lier,  is  very 
nearly  the  same  for  the  avera;^e  ear. 

The  relative  vertical  ilisplacement  of  the  rurve-;  in  ^rouj)  A 
indicates  that  sui-alied  noiinal  ear-  are  not  equally  sensitive 
to  sotinds  of  the  same  intensity,  since  the  duration  of  tones 
of  the  same  pitch  at  the  critical  fre(|uencv  of  puliation 
dift'er^. 

In  similar  investie-ations  in  colour  vision  it  wa>  f(»iind  that 
in  persons  between  about  ei^ihteeii  and  tifty-H\e  vears  of 
age  the  sensitivitv  ot  normal  eyes  to  the  inten»itv  of 
illumination  is  the  same*.  In  audition,  howe\er,  the 
sensitivity  of  the  avera;j;e  oar  to  the  inten>itv  of  tone  varie?. 
This  difference  is  very  probably  ilue  to  th*  wide  dit^'erence  in 
the  character  of  the  two  mechanisms  or  proc<'->es  involve<i. 
The  perception  of  li^jht  is  most  j»robably  a  photo-electric  or 
chemical  etlect — a  reaction  of  atom>  and  molecules  to  the 
stimulatit>n  of  lijilit-waves.  Hence  it  is  lo  be  expected  that 
for  a  constant  inten-iity  of  stimulation  there  would  be 
apprt)ximately  constant  atomic  interactions,  i.  »*.,  approxi- 
niatelv  constant  sensitivity.  In  the  case  of  autlition,  however, 
tlie  instrument  of  tone  percepti(»n,  the  ear.  is  an  extremely 
c«)m|>licated  mechanical  structure,  and  therefore  >uliject  to 
maiiv  sources  of  defect  or  of  difference.  And  in  a  meclianism 
so  nnnnte  and  d<dicate  as  tlie  ear,  it  wouhl  be  little  less 
than  miracidous  were  the  mass,  elasticity,  and  other  phv'>i<'al 
properties  of  it-  .■..iiipiim-nt  part-  r.iiin.i  mIu  i\^  f,i  I.-  ilw 
same  f. 

•   Ferry.  Am.  Jouiii.  Sri.  \o!.  xliv.  (  iSti'). 
t  St-asli.  rv. 'l's>i-lii)Io^v  "f.Mii-ical  T.<1.  nt. 
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IN  tliis  t'oiiumniication,  the  iiu'tliod  of  stiulyiii^j;  the  effects 
ol'  aural  tatifjut-  liy  tli«'  eritieal  f'ie(|tieiiev  of  jMilsifioii  or 
flutter  of  tones  is  aindieJ  to  fatigue  willi  two  ami  thr«c  touts 
simultaneously. 

The  experimental  arrann;ementsi  were  the  same  as  (lescrihfd 
in  previous  eommunieatioiis  t,  exeej)t  in  one  particular.  In 
the  tormer  work,  the  soureo  of  continuous  sound — a  Stern 
Tonvariator — was  enclosed  in  a  iarj-e  wooden  box  lineil  with 
thick  felt.  The  box,  however,  transmitted  some  of  the  sound, 
so  that  the  rotatinp;  iHsk  diil  not  completely  produce  the  ideal 
alternations  of  sound  and  sih'nce.  In  these  experiments  the 
upper  part  of  the  tonvariator  was  enclosed  in  a  box  made 
of  pressed  Hl»re,  which  is  an  extremely  p'.)t)r  transndtter  of 
sounil.  Watson  I  fouml  that  a  plate  of  tiiis  n)aterial,  one- 
([luirtt-r  of  an  inch  in  thickness,  was  caj>ul)le  of  transnuttin^ 
only  one-tenth  of  one  ixr  cent,  of  the  sound.  Accoi  dinulv, 
u  box  of  suitable  size  and  >hajie  wa."  constructed  of  the  libre, 

*  CoumuuHcalod  L)v  I'rol".  V.  AUtn,  M.A..  I'li.Ii.  liciid  nt  ihc  meeting 
of  tho  Koynl  Soeioty  uf  Caiiiula,  t>lli»wii,  May  li'l.';?. 

t  " '  *n  the  Critical  iMvqiuiu'y  o(  rulsatinu  uf  Toius,"  supra,  p.  5(». 
\  Physical  Fu'view,  vol.  vii.  {•.  l-'i  (li'lii). 
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in  one  side  of  whicli  a  circular  hole  was  cut,  throufjh  which 
the  continuous  stream  of  sound  issued.  Periodical  inter- 
ruption of  the  sound-ray  was  effected  by  a  rotating  disk  in 
which  were  four  syninietrically  placed  holes  similar  to  that 
in  the  box.  This  arrangement  gave  sharp  and  clear  flutter- 
ings  of  tljc  tone,  and,  in  consequence,  the  speed  of  the  disk 
could  be  accurately  and  rapidly  adjusted  to  the  critical 
frequency  of  flutter,  so  that  the  pulsations  of  sound  appeared 
just  continuous.  Unfortunately,  the  dimensions  of  the  l)OX 
interfered  to  some  extent  with  the  range  of  frequencies  that 
could  be  studied,  and  consequently  only  part  of  one  octave  of 
tones  could  be  employed,  For  the  investigations  described 
in  this  connuunication,  however,  it  served  the  purpose  ex- 
treu)ely  well. 

I.  Application  of  the  Critical  Frequency  of  Pulsation  of 
Tones  to  Tone  Analysis. 

In  a  former  paper  *  it  was  found  that,  when  the'ear  was 
fatigued  by  exposure  to  any  tone,  the  duration  of  the  tone  at 
the  critical  frequency  of  flutter  or  pulsation  was  increased 
over  a  range  of  about  eight  vibrations  on  each  side  of  the 
frequency  of  the  fatiguing  .tone.  When  similar  measure- 
ments were  made  with  the  ear  in  its  normal  unfatigued  con- 
dition,  and  the  two  plotted  together,  the  -'Fatigue  curve 
a])peared  as  a  sharp  elevation  upon  the  normal,  the  peak  of 
the  elevation  occurring  at  the  frequency  of  the  fatiguing 
tone. 

In  the  experiments  herein  described,  two  or  three  additional 
tonvariators  were  used  to  give  simultaneous  fatigue  with 
two  or  three  tones  of  determined  frequencies.  Suitable  cali- 
brations of  these  instruments  were  made  so  that  the  exact 
fro(|UPncies  Avere  determined. 

The  arrangement  of  apparatus  is  shown  in  fig.  1,  in  which 
A  indicates  the  air  current,  G  the  pressure  gauge,  T  the 
tonvariator,  D  the  disk,  E  the  ear,  and  S  the  speed  counter. 

The  method  of  procedure  was  as  follows: — 

At  a  definite  blowing-pressure  the  tonvariator  upon  which 
measurements  were  to  be  made  was  adjusted  to  give  a  tone 
of  definite  pitch.  The  tonvMriators  used  for  the  ])urpose  of 
fatigue  were  then  accurately  tuned  with  it  by  eliminating 
beats,  after  which  they  were  adjusted  to  give  tones  of  desired 
frequencies.  The  left  ear  was  then  fatigued  with  these  tones 
for  two  minutes   by  holding  it  close  to  the  orifices  of  the 

*  "Oil  the  KtfHcts  of  Aural  Fatif^ue  upon  the  Critical  Frequency  of 
Pulsatiou  oi  Tones/'  supra,  p.  Il'Ij. 
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t<Miv;iri:it()r-i.  I  iMiiwiliuttl  y  ;ilti'ri\  anK  tin-  iii»':i'«iiieiiioiit  of 
tlio  ciiti<"al  frt'tjiioncy  of  pulsation,  or  Hiiil<'r,  of  u  tone 
within  tin-  fati;;iie<l  ranjj;o  of  fit'ijueni-ies  was  made.  The 
fati;;niii»^  proco.ss  was  a^^ain  arul  a;,'ain  repwit*'*!,  an<i  sjniihir 
moasurtMntMit-;  inado  at  clos'-  intervals,  over  a  ran;;e  of  Irr- 
(^inMirit'-i  iiirlinlin^r,  and  wi<lor  than,  tho  rang*'  ddinc'd  hy 
tlio  outermost  fati;:uin;'  tones. 


Fig.  1. 


Tln^  first  nioasuronipnts  were  made  witli  (wo  fati^itiinfj 
font's.  Tli<'s<»  arn  tahnlalcd  in  Tahlo  I.,  ami  ilu'  t-urvos 
di'lini'd  l»v  them  ar(»  >ho\vn  in  li;^.  2. 

Tlie  curvtt  thron;ih  the  points  not  included  in  the  elevation 
WHS  taken  to  di-linc  tlic  normal  npon  which  the  ch'xation  is 
siiperim|Mis«d.  This  is  indicated  liv  the  hroken  line.  The 
ele\atii>n  itself  is  similar  to  !h()s<'  ohtaincd  hy  fatieiiine  the 
ear  with  a  sinirlc  tone.  The  ranirc  alVeeled  l»v  fati"uin<r,  as 
shown  l)v  the  width  of  the  ha-e  of  the  elevation,  is  also 
ap|iro\imatel y  the  same.  In  curve  A  tli.'  fatii;;^iiin;i  tones 
were  iiltecn  viliration<  apart.  Similar  curves  \\«'r<>  ohtained 
with  fal'^^uine  tones  the  fieiincncie-.  of  wliieh,  a«-  >h(«\\n  in 
the  table  of  values,  slowly  approached  each  other.  Series  I. 
in  He-.  2  is  such  a  set  of  curves.  In  this  series  tli(»  hiehe>t 
cuive,  r>,  was  ohtaincd  with  rati;^uin^  tones  that  ditVer»*d  hv 
two  viiirations  only,  and  i-urvc  A  with  times  that  liitlered  hv 
titteen  vihrations  ;  ilie  inti-rmediate  curves  were  ohtained 
with  fatiiiuinir  tones  which  varied  hetween  these  limits. 

As  can  Ito  seen  trom  cur\e  A,  lii;.  2,  when  the  faii^uinfij 
tones  are  fifteen  vihrations  apart,  thert;  was  verv  little  ovcr- 
lapfdn^f  in  the  elevations.  Had  thcv  l»een  alumt  twenty 
vibrations  apart,  it  is  tjuiie  certain  that  eucli  elevation  would 
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be  complete  and  distinct  from  the  other,  one  elevation  be- 
ginning at  the  point  in  the  normal  where  the  other  ended. 
Interpreted  according  to  the  resonance  theory  of  audition, 
this  would  seem  to  indicate  that  each  of  the  fatiguing  tones 
would  affect  a  different  set  of  arches — or  whatever  part  of 
the  resonating  mechanism  responds, — which,  however,  were 
adjacent  to  each  other.  From  this  it  may  l)e  assumed  that 
were  the  differences  in  frequency  of  the  fatiguing  tones 
greater  than  those  used  for  these  curves,  the  nature  of  the 
elevations  would  be  the  same,  but  with  an  increased  extent 


Yv'  2 


o.ozo 


of  normal  curve  between  them —  i.  e.^  the  sets  of  arches 
influenced  by  the  simultaneously  fatiguing  tones  would  be 
no  longer  adjacent,  but  would  have  a  str(;tch  of  uninfluenced 
arches  between  them. 

It  can  l)e  seen  from  fig.  2,  Scries  I.,  that,  as  the  fatiguing 
tones  approach  each  other,  overlapping  of  the  elevations 
takes  place — i.  e.,  the  curve  between  the  maxima  of  the 
elevations  no  longer  drops  to  the  normal,  but  becomes 
more  and  more  shallow  unlil,  when  the  difference  in  fre- 
quency is  two   vibrations,  it  has  become  a  short,  straight, 
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horizontal  line.  In  other  words,  as  the  fatiguing  tones 
approach  each  other,  more  and  more  o£  the  arches  respond- 
ing to  the  one  tone  will  simultaneousl}"-  be  under  the  in- 
fluence of  the  other  fatiguing  tone  until,  when  the  fatiguing 
tones  are  very  close  together,  approximately  the  same  range 
is  influenced  by  each. 

Fig.  2,  Series  II.,  is  a  set  of  curves  obtained  in  a  similar 
manner  to  Series  I.,  which  shows  the  same  efiects  over  a 
range  of  frequencies  higher  up  in  the  octave.  It  serves, 
therefore,  as  a  confirming  experiment.  The  data  are  also 
given  in  Table  I.,  in  which  N  is  the  frequency,  U  the 
duration  of  the  tone  at  the  critical  frequency  of  flutter,  and 
P  is  the  pressure  to  which  the  intensity  is  proportional. 

The  above  sets  of  curves  seem  explainable  by  no  other  than 
a  resonance  theor}-.  The  evidence  afforded  by  them  may 
therefore  be  taken  as   strongly  supporting  the  theory,  that 

Fig.  3. 
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some  resonating  mechanism  by  means  of  which  complex 
tones  may  be  analysed  into  their  components  exists  in 
the  ear. 

A  series  of  experiments  similar  to  those  above  descri])ed 
was  then  carried  out,  in  which  three  simultaneously  fatiguing 
tones  were  used.  This  series  of  curves  is  shown  in  fig.  3, 
and  was  plotted  from  data  in  Table  II.  The  three-elevation 
curves  exhibit  the  same  peculiar  characteristics  as  do  the 
previously  described  two-elevation  curves.  Here,  again, 
when  the  fatiguing  tones  are  about  sixteen  vibrations  apart, 
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oaoh  olovation  .-iloj^'s  down  almosf,  if  not  (piitf.  (o  the 
iu»nn;il.  .Vs  the  tlitVcron(,H'.s  iM-twci-n  the  frcMjunicitjs  of  the 
ratiiiuing  tones  aro  ilecrea.seil,  the  curves  hi'twcen  the  p«"aks 
ot'  the  elevations  aoain  recede  tVoni  the  normal  until,  when 
they  have  a|i[)ri<ached  eac-ji  other  verv  closely,  there  i<  :i 
short,  .-Jtraight,  horizontal  line  hetween  them.  At  that  point 
appro.xiinately  the  same  rangt- of  arches  is  intluenced  liy  each 
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fationino-  tone,  and  the  resonals  of  each — i.  e..  those  arches 
possessing  natural  vibration  frequencies  corresponding  ex- 
actljr  with  those  of  the  entering  tones  —  are  adjacent  to 
each  other.  In  all  cases,  whether  fatiguing  with  two  or 
with  three  tones,  the  maxima  of  the  elevations  define  the 
resonals. 

The  curves  indicating  the  effects  of  fatigue  caused  by 
three  tones  are  thus  seen  to  be  exactly  similar  in  character 
to  those  for  two  tones.  It  may  therefore  be  justifiably 
assumed  that  were  the  ear  to  be  fatigued  with  more  than 
three  tones  simultaneously,  by  a  method  of  procedure  similar 
to  the  one  above  described,  a  set  of  curves  would  be  obtained 
possessing  peculiarities  similar  to  those  possessed  by  the 
curves  in  figures  2  and  3  ;  in  all  cases  the  highest  peaks  of 
the  elevations  would  define  the  resonals — i.  e..  the  resonating 
arches  corresponding  to  the  frequencies  of  the  fatiguing 
tones. 

The  above  therefore  indicates  an  altogether  new  and  very 
interesting  method  of  tone  analysis.  To  analyse  a  compound 
tone  would  only  necessitate  repeated  fatiguing  with  the  given 
mixture  of  tones,  each  fatiguing  process  being  accompanied 
bv  a  corresponding  persistency  measurement  ;  the  entire 
|)roeedure  being  extended  over  a  range  of  frequencies  within 
which,  it  is  judged,  the  component  tones  lie. 

II.  An  Experimental  Study  of  Differential  Tones. 

Combinational  tones  are  heard  when  two  musical  tones 
of  different  pitches  are  sounded  together  loudly  and  con- 
tinuously. They  are  of  two  kinds — difl'erential  and  sum- 
mational tones.  The  pitch  number  of  the  differentijil  is  equal 
to  the  difference  of  the  frequencies  of  the  generating  tones  ; 
and  that  of  the  summational  tone  is  equal  to  the  sum  of  the 
frequencies  of  the  generating  tones. 

There  are  different  orders  of  combinational  tones.  The 
differential,  or  combinational  tone  of  the  first  order,  is  one 
of  pitch  equal  to  the  difference  of  the  vibration  frecpiencies 
of  the  generating  tones  themselves.  Combinational  tones  of 
the  second  order  are  formed  bv  the  combination  of  the  gene- 
rating tones  with  diH'erentials  of  the  first  order.  These  again 
f>roduce  new  combinational  tones  with  other  differentials. 
There  are  thus  differential  tones  of  many  orders,  the  first- 
order  differential  being  the  loudest,  the  intensity  decreasing 
rapidlv  as  the  order  of  the  difTerential  becomes  hioher. 

This  investigation  deals  with  difi'erential  tunes  of  the  first 
order  only. 


the  Ear  with  (  oinhinations  oj   lieu  ur  more  I  ones.      liU 

The  siicci'ssful  rp^tilts  oJ»(;iine<l  in  iiivcsti^:itiii«i  tlip  offt-cts 
ol"  Jiiirul  fati;fUO  .su^:;^e-'tril  ilic  apiilicntioii  o!  that  iiu-tlioii  to 
drttTiiiiiK'  the  |)rolial)lo  nature  »»f  the  ooiiihinatioiial  tone. 

The  apparatus  u.sed  was  tlie  same  as  that  employed  in  the 
inve.sti;iatiuii  in  the  fir>t  section  of  this  paper. 

The  metlioil  of  procedure  was  a-;  follows: — 

Two  touvariators  \ver«  adjusted  to  ;iive  tones  of  such 
frequencies  that  their  dlHerential  of  the  first  order  fell  S(ime- 
where  within  the  rani^e  of  frequencies  uj)on  which  measure- 
ments «d'  the  critical  freijuenoy  of  pulsation  could  he  made. 
The  true  frequency  of  thu  differential  tone  was  obtained  from 
the  calihration  curves  of  the  touvariators  made  hy  compa- 
rison with  tuniui'-forks.  Fatijiuinjj  with  the  two  <;eneratin<j 
tones  simultaneouslv,  and  j»roceedin;£  in  a  manner  similar  to 
that  descril)ed  in  the  previous  section,  measurements  of 
the  critical  fre<|uencv  of  pulsation  \v«ro  made  at  very  short 
intervals  over  a  surticientlv  with*  ran;^e  of  frequencies  which 
included  the  differential  tone  of  the  first  order. 

The  rosultiu;:  curves,  j^lotted   from  the  data  in  Tal)le  III. 
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Differential  Tones  of  the  First  Order. 
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B.  Generating  Tones.  220  and  400. 
Ditrepentiid  Tone,  180. 
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are  given  in  fio-.  4.  Each  graph  is  seen  to  be  a  portion  of 
a  normal  curves  broken  by  a  short  elevation  similar  to  that 
obtained  by  direct  fatigue.  The  peak  of  the  elevation  is 
at  a  frequency  which  very  closely  approximates  that  of  tlie 
differential.  Curve  A  is  the  average  curve  drawn  through, 
two  sets  of  measurements,  both  for  the  differential  tone  of 
frequency  200,  the  generating  tones  of  each  set  differing  by 
that  number.  The  frequencies  of  the  generating  tones  are 
given  in  the  table.  This  indicates  that  no  matter  what  the 
generating  tones  may  be,  the  combinational  tone  will  in- 
fluence the  same  portion  of  the  resonating  system  if  the 
difference  of  their  vibration  frequencies  is  the  same. 

Fig.  4. 
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Carves  B  and  C  were  obtained  in  a  similar  manner  to  A, 
but  for  differing  pitches  of  the  differential.  The  characteristics 
of  all  the  curves  appear  to  be  the  same.  ( -urve  C  is  a  little 
s^mllower  than  A  and  B. 

The  position  of  the  maximum  height  of  the  elevations 
represents  approximately  the  pitch  of  the  differentials.  The 
vertical  heights  of  these  elevations,  however,  are  not  as  great 
as  those  re]u*esenting  fatigue  caused  by  oi'dinar}'^  tones.  This 
difference  is  probably  due  to  the  com[)aratively  low  intensity 
of  the  differential  tones. 

The  graphs  discussed  may,  with  the  aid  of  the  resonance 
theory  of  audition,  be  interpreted  in  such  a  manner  as  to 
explain  tho  probable  nature  of  the  differential  tone.  The 
elevations  indicate  thnt  the  differentials  have  as  direct  an 
effect  upon  portions  of  tiie  series  of  resonating  arches  as  have 
tones  generated  in  the  ordinary  manner — i.  e.,  differential 
tones  are  objective  in  character. 

It  was  formerly  believe'*^!  that  combinational  tones  were 
subjective    effects — i.  £.,    purely    psychological    plienjomena. 


tlu-  Ear  with  (\y)iibiiiatioiis  of'  Two  or  more  Tones,      lol 

Ileliriliolt/  *  liiruself  •^tatfd  tliut  tliere  wcth  hotli  oljjectivo 
aii'l  *?ul)j('Ctive  ixjiiiljinaliuiial  tunes.  i*ri*ver  t  i^":!' rieJ  out  u 
seriMs  of  fXperiiucMits  which  scM-ined  to  prove  the  sul»j«.'clivity 
of  (liJl'erential  tones.  The  ex|>uriineatal  evidence  us  ^iven 
ahovf,  however,  siiiUHjrts  the  theory  that  diHerential  tones 
of  the  lirst  onlor  arc  uhjective,  since  they  possess  the  same 
peculiarities  of  stiinuhition  as  do  tones  producetl  in  the 
ordinary  manner.  In  other  words,  tliey  are  physiolo;iical 
anil  not  psycholoifieal  in  their  ori;;in. 

It  was  hopol  to  carry  throu^^li  a  series  of  e\periment~s 
similar  to  those  above  descriUvl  for  summational  tones. 
Since  this  would  neces-itatc  the  takinji  of  measurements  over 
a  r.mt^e  of  frequencies  far  hi<iher  than  that  which  could  be* 
measured  with  the  experimental  arran;^MMnonts  at  the  time, 
their  studv  had  to  Ije  postpunod  until  tlie  a|>paratus  could  ho 
improved  to  allow  measurements  to  he  taken  ov«r  a  more 
extended  ran;.(c  of  fre(|ijencios. 

]Manv attempts  were  therefore  made  to  adapt  the  apjiaratu:* 
to  hi;;her  octaves.  But  with  fretpiencies  tihove  ii(KJ  d.v.  the 
Total iiiii  disk  was  incapable  of  triving  sutlicientlv  njarked 
alternations  of  intensity  of  the  sound  to  l>e  of  any  value.  A 
new  method  of  interruption  ot"  the  sound-rav  was  found,  hut 
it  has  not  yet  been  sutHciently  developed  to  give  reliahlo 
measurements. 

In  conclusion,  it  may  he  stated  that  the  results  of  this 
investi;j.ation  support  tlie  tlieory  formulated  hy  Ilehnholtz, 
that  tones  are  perceivetl  and  ditlerentiated  from  each  other  hy 
means  of  a  resonance  mechani>m  which  existij  in  the  internal 
ear.  Frt)m  this  e;,Mieral  statement  it  is  also  clear  that 
ditlbrenlial  tones  and  prolral»ly  sumnuitioiial  tones  are  not 
exclutled. 
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and  valuahle  advice  of  Dr.  Frank  Allen,  Director  t»f  th« 
Department  of  I'hvsics  of  the  L  niversity  of  Manitolia.  at 
whose  sug;^estion  and  under  whose  direction  the  involi- 
irations  here  descriheil  wore  carried  out. 

1  also  ile>ire  to  express  mv  thanks  \o  the  Honorary 
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UV  THE  REliXA 

Bv  Frank  Allkn 

SVXOI'SIS 

In  this  paper  the  characteristics  of  the  self  light  of  the  retina  are  reviewed  and  compared 
with  those  of  the  light  formed  by  reflex  stimubtion  of  the  fundamental  color  sensations. 
For  this  purpose  the  numerous  references  to  self  light  ir  Peddir's  recent  work  on  Coh'ur  Viiion 
are  made  the  basis  of  study.  Reasons  are  given  to  show  that  the  reflex  the<jry  will  satis- 
factorily account  for  the  self  light;  its  color  tone;  the  possibility  of  an  invariable  color  in  the 
spectrum;  the  smaller  degree  of  s;ituration  of  a  color  formed  by  mixture  of  two  or  more 
colors  on  the  retina  compared  with  that  of  its  simple  sp>ectral  equivalent;  the  threshold 
values  of  colors;  and  the  eflect  on  self  light  phenonuna  of  changes  in  mtxhanical  pressure  in 
the  retina  due  to  variations  in  blood  pressure. 


Underlying  all  perception  of  color  is  the  presence  in  the  retina  of  white 
light  of  varying  intensity,  the  origin  of  which  is  very  obscure.  Also  on 
closing  the  eyes  it  is  possible  to  see  a  misty  dark  gray  light  which 
Helmholtz'  described  as  characterized  by  many  vascular  ramilications 
which  resemble  scattered  moss  and  leaves. 

In  this  communication  the  writer  has  endeavoured  to  gather  together 
the  main  characteristics  of  the  retinal  self  light,  and.  as  the  title  indi- 
cates, to  identify  it  with  the  retle.x  light  invariably  associated  with  all 
direct  applications  of  color  to  the  eye. 

In  addition  to  the  usual  direct  action  e.xercised  by  all  colors  upon  the 
retina,  it  has  been  shown  by  the  writer'-  that  every  spectral  color  stimu- 
lates by  reflex  action  the  three  fundamental  sensations,  red.  green,  and 
violet,  and  also  enhances  the  sensitiveness  of  their  receptors.  In 
consequence,  the  brightness  of  the  corresponding  colors  is  increased  to  a 
greater  or  less  degree  according  to  the  physical  characteristics  of  the 
direct  light.  While  the  three  sensations  are  invariably  excited,  the 
major  part  of  the  enhancement  at  medium  intensities  is  in  the  sensa- 
tions complementary  to  the  active  colored  light.  It  is  a  notable  fact, 
as  an  examination  of  the  numerous  curves  in  the  paper  just  referred  to 
will  .^how,  that,  with  the  intensities  of  the  col(»rs  there  employed,  the 
green  rellex  extends  through  the  yellow,  its  maximum  often  being  in  the 
brightest  part  of  that  region.     With  white  light  the  three  retle.xes  were 

>  Phj-siol.  Optik.  3rd  Ed.,  2,  p.  12  (Kigenlicht\ 
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also  evident,  the  green-yellow  depression  of  the  curve  indicating  that 
particular  reflex  to  be  especially  well  developed. 

The  reflex  enhancement  of  sensations  is  transferred  from  one  eye  to 
the  other,  and,  as  the  writer  has  more  recently  shown,^  from  one  area  of  a 
retina  to  those  adjoining;  and  it  occurs  also  in  the  same  retinal  area 
upon  which  the  direct  light  falls  and  in  orderly  conjunction  with  its 
effects.  The  direct  action  of  each  color  also  extends  to  all  three  primary 
sensations,  the  major  stimulation  being  with  either  the  one  or  the  two 
sensations  chiefly  concerned. 

The  consideration  of  the  phenomena  of  the  intrinsic  or  self  light  of 
the  retina  appears  to  show  that  the  efferent  nerve  impulses  in  enhancing 
the  receptors,  at  the  same  time  cause  their  stimulation,  with  the 
resultant  production  of  light  to  a  greater  or  less  extent. 

It  is  generally  held  that  equal  stimulation  of  all  three  sensations 
causes  the  perception  of  white.  Consequently  the  inevitable  result  of 
reflex  stimulation  of  the  three  sensations  is  the  production  of  white  light 
in  conjunction  with  every  color  affecting  the  eye.  Should  the  three  sen- 
sations be  stimulated  equally,  the  reflex  white  will  be  untinged  with 
color;  but  should  there  be  unequal  excitation,  the  white  may  be  some- 
what tinted  with  one  of  the  fundamental  colors,  or  with  such  a  combina- 
tion as  to  make  the  white  either  yellowish  or  bluish  in  appearance. 
While  every  one  of  these  results  is  theoretically  possible,  observation 
must  determine  which  one  is  actually  realized.  As  the  efferent  impulses 
in  their  nature  must  originate  in  the  visual  centers  of  the  brain,  the  re- 
flex white  light  caused  thereby  must  be  of  central  origin. 

Since  white  is  present  in  all  colors,  and  since  all  colors  at  both 
extremes  of  intensity  tend  to  become  white  with  the  loss  of  their  color 
tone,  it  has  been  believed  that  whiteness  itself  is  a  separate  fundamental 
sensation.  Hering  specified  that  one  of  the  three  hypothetical  photo- 
chemical substances  is  for  the  white-black  series  of  sensations.  Wundt 
believed  the  impact  of  color  always  produced  two  effects,  a  chromatic 
and  an  achromatic.  In  his  theory  McDougall  provided  a  separate  white 
process.  Mrs.  Ladd-Franklin  and  also  Edridge-Green  consider  white 
to  be  the  primitive  process  out  of  which  the  various  color  preceptions 
have  developed.  Abney  came  to  the  conclusion  that  white  is  caused  by 
the  main  vibration  generally,  and  that  color  is  as  it  were  superposed 
upon  it.     Helmholtz  considered  that  each  color  directly  excited  all 

2  Reflex  Visual  Sensations  and  Color  Contrast.     Jour.  Op.  Soc.  Am.,  7,  p.  913;  1923. 
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three  primary  sensations,  and  thai  iu  consequence  white  niu^t  f<jrm 
part  of  the  resultin<<  perceptions. 

(\tU)r  theorists  such  as  Hehnh«>li/..  R(Jni;,^  iixiur.  and  llering.  alike 
specified  that  the  coh)rs  they  selei  ted  as  primaries  were  to  be  regarded 
as  mttre  saturated,  i.e.  containing  less  white  light,  tiian  their  spectral 
representalixes.  Hut  "it  is  not  jxi^sible,"  says  Peddie.*  "from  phenom- 
ena ui  colour  mi.xlure,  tu  determine  the  fundamentals.  The  </nly  reason 
for  choosing  red,  green,  and  indigo  ^r  \iolel,  fmm  amongst  sj>ectrum 
colors,  as  simple  and  fundamental  colors  (corresponding,  that  is.  to 
funtlamental  sensations)  is  that  they  ha\e  the  smallest  admixture  of 
white."  And  again  (p.  67)  "Rich  j)ure  colt)r  glow  is  the  characteristic 
of  the  simjile  colors,  say,  red,  green,  and  indigo;  strong  but  whiter 
color  distinguishes  the  fused  colors  yellow  and  i)ure  blue."  Xor  will  it 
be  o\erlooked  thai  j)urit\-  or  the  degree  of  saturation  is  one  of  the  color 
constants;  or,  as  I'eddie  expresses  it  (p.  1.^5),  "The  three  attributes 
whiteness,  color,  and  luminosity  < onstitute  the  direitly  jjcrccived  as- 
pects of  visual  sensation." 

For  the  i)urpose  of  this  study  of  the  self  light  of  the  retina,  the  recent 
work  on  "Colour  X'ision"  b\'  l*eddie  is  of  \ery  great  service;  though 
unfttrtunately  the  original  sources  of  his  information  are  but  rarely 
indicated.  IVoni  tiie  frequency  of  his  references  to  the  jieculiarity  of 
vision  which  is  the  >ubject  of  this  pajjcr,  it  is  evident  that  (p.  50)  "the 
importance  of  the  modifications  of  visual  i)ercej)tion  by  the  presence 
of  self  light"  is  \  ery  great.  Since  the  self  light  is  so  insistently  present, 
and  continues  so  long  after  all  external  stimuli  have  ceaseil,  it  is  fre- 
c|uently  referred  to  as  the  inherent  or  intrin>ic  luminosity  of  the  eye. 
Hurch  (p.  46),  however,  found  that  with  ''prolonged  resting  of  the  eye 
in  an  absolutel\'  dark  room,  the  >elf  light  slowly  diminishes  an<l  fmally 
disappears." 

.\s  a  deduction  from  mathematii  al  theory  reiKlie  concludes  ip.  74) 
I  hat  "the  self  light  constant  is  smaller  for  blue  light  than  fi>r  red  and 
green  lights,  for  which  the  value>  ari-  alxiut  ecjual."  With  this  Peddie 
connects  (p.  74)  "the  high  sensitivity  of  the  eye  to  color  variation  in  the 
blue  region  (A  the  siK-ctrum."  This  no  tloubt  is  connected  with  the 
tad  that  \iolel  is  the  most  saturated  of  the  sjiectrum  colors,  with 
ultramarine   blue   closely   following.''     And    this   in  its   turn  is  most 

*  Coliuir  \'ision  (Kdward  \rnold  &  Co.,  1*>22),  p.  04.  The  ixircs  indicated  in  the  text  of 
this  paper  refer  \o  this  book. 

'  Rood:   Modern  Chromatics,  p.  165.* 
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probably  due  to  the  remarkable  reflex  power^  which  these  colors 
possess. 

As  stated  above  the  composite  reflex  light  may  be  white  or  tinged 
with  color.  At  present  there  is  no  way  of  predetermining  what  its 
appearance  will  be,  or  whether  its  color  will  remain  the  same  at  all 
intensities.  Peddie  concludes  (p.  81),  again  from  mathematical 
reasoning,  that  the  color  tone  of  the  self  light,  which  is  always  present 
in  eye  observations  (p.  84),  must  be  yellowish  white.  In  terms  of  the 
reflex  theory  this  would  imply  that  at  low  intensities  the  red  and 
green  sensations  are  excited  more  than  the  violet,  which  would  therefore 
place  the  preponderating  effect  between  the  former,  which  is  in  the 
yellow.  This  may  easily  be  the  case;  but  there  is  no  apparent  reason 
why  at  high  intensities  equality  of  stimulation  should  not  result,  with 
complete  whitening  of  the  reflex  or  self  light. 

Peddie  further  says  (p.  81):  "This  color  tone,  (i.e.  yellowish  white) 
of  the  self  light  is  superposed  on  all  color  tones  belonging  to  the  external 
light.  Therefore,  to  maintain  a  constant  color  tone  with  increasing 
intensity,  the  tendency  of  the  externally  caused  color  to  become  white 
must  be  checked  by  taking  it  of  more  and  more  saturated  value  .  .  . 
Ultimately  the  tendency  of  all  colors  towards  white  at  very  high 
intensities  would  swamp  the  eft'ect  of  the  self  light,  and  even  yellow 
would  approximate  to  white." 

But  why  should  all  colors  have  a  tendency  towards  white  at  high 
intensities?  This  phenomenon  itself  requires  an  explanation  as  much 
as  any  other.  From  the  last  part  of  the  quotation  Peddie  regards  this 
"tendency  towards  white"  as  an  unexplained  phenomenon,  yet  one 
quite  distinct  from  the  white  or  yellowish  white  self  light.  But  from 
the  point  of  view  of  the  reflex  theory  the  very  reverse  is  the  case;  and 
the  reason  why  all  colors  tend  to  become  white  lies  in  the  fact  that  the 
reflex  white  light  itself  becomes  so  extremely  intense  that  it  "swamps 
the  effect"  of  the  direct  color  action. 

Another  way  of  explaining  this,  however,  may  be  more  accurate. 
Since  each  color  directly,  as  well  as  reflexly,  stimulates  all  three  sensa- 
tions, there  must  be  a  maximum  intensity  to  which  each  can  be  directly 
excited.  When  the  sensation  most  immediately  concerned  has  reached 
its  maximum,  further  increases  of  intensity  will  be  effective  only  upon 
the  remaining  sensations  until  all  alike  are  at  their  maxima.  This 
process  can  easily  account  for  the  disappearance  of  any  particular 

*  On  Reflex  Visual  Sensations,  loc.  cit.,  p.  596. 
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color  and  its  replacement  by  white.  The  reflex  stimulation,  as  experi- 
ment shows,  extends  always  to  all  three  sensations,  and  hence  will 
also  produce  white.  The  double  i)roducti(jn  of  white  will  therefore  be 
devoid  of  color. 

If  two  or  more  spectrum  colors  form  a  mixture  upon  the  retina,  each 
will  separately  excite  its  own  reflex  white,  and  the  resulting  reflex  or 
self  light  will  be  of  much  greater  intensity  than  that  produced  by  a 
single  color.  It  is  a  princij^le  of  physicjU^gy'  that  "two  reflexes  making 
use  of  the  same  final  path  may  reinforce  one  another.''  And  also, 
'"like  reflexes  mutually  reinforce  each  other  on  their  common  path." 
(Sherrington.)  Consequently  it  is  not  surprising  "that  the  color 
obtained  by  mixture  of  two  spectrum  lights  is  whiter  than  the  similarly 
colored  region  of  the  spectrum."  (p.  118.)  For  in  forming  mixtures  of 
colors  upon  the  retina,  only  one  area  is  employed  and  it  is  obvious  that 
the  reflexes  excited  by  each  color  stimulus  must  make  use  of  the  same 
linal  path.  It  is  therefore  necessary,  for  example,  to  add  white  to 
spectral  yellow  in  order  to  match  a  yellow  formed  by  proper  ;res 

of  red  and  green  lights. 

Whiteness  of  mixtures  reaches  its  extreme  in  the  case  of  comple- 
mentary colors.  For  (p.  84)  "complementariness  is  also  practically 
determined  in  presence  of  self  light."  It  may,  however,  rather  be  the 
case  that  the  production  of  white  self  or  reflex  light  in  excess  is  what 
constitutes  complementariness.  For  as  we  have  just  seen,  two  colors 
when  mixed  on  the  same  retinal  area  will  generate  an  unusually  large 
quantity  of  white  light.  If  in  addition  the  two  colors  are  such  as  will 
when  combined  directly  stimulate  the  three  sensations  equally,  the 
result  must  be  the  complete  disappearance  of  color  and  its  replacement 
by  white.  To  accomplish  this  purpose  the  sensations  must  be  balanced; 
consciousness  informs  us  by  the  perception  of  white  that  the  balance 
has  been  effected. 

It  is  extremely  probable  from  the  reflex  theory  of  Color  \'ision  that  a 
particular  wave  length  will  change  its  hue  as  it  passes  from  minimum 
to  maximum  intensity.  There  is  at  present  n«)  indepeiulent  determina- 
tion of  the  growth  of  the  individual  reflexes.  But  it  is  most  improbable 
that  all  three  reflexes  will  rise  to  their  maxima  at  precisely  Uie  same 
rate.  Consequently  the  changes  in  hue  will  folU>w  the  relative  changes 
in  enhancement  of  the  sensations.     And  if  changes  occur,  ihey  must 

'  Bayliss:  Principles  of  General  Ph\-siolog>',  p.  507;  1^20, 
Sherrington:  Integrative  .\ction  of  the  Xcrv'ous  Sj^stem,  p.  233. 
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always  tend  in  normal  eyes  in  a  certain  definite  direction.  There  will 
probably  be  no  color  which  will  remain  absolutely  unchanged  in  hue  as 
the  intensity  changes  from  minimum  to  maximum.  If,  for  example, 
the  green  reflex,  which  usually  extends  to  yellow,  were  to  develop  the 
most  prominently,  the  colors  on  each  side  of  it  would  tend  towards 
green  or  yellow  ^\^th  increase  of  intensity.  It  would  be  consistent 
therefore  with  the  reflex  theory  if  one  color  at  least,  viz.  that  towards 
which  those  on  each  side  tended,  should  experience  a  minimum  change 
of  hue  under  all  conditions  of  intensity.  Approximately  at  least, 
this  hue  would  be  an  invariable  color. 

Quite  in  accord  with  this  reasoning  are  Peddie's  conclusions  from  his 
study  of  Helmholtz's  equations,  (p.  80) :  "As  the  external  stimulation 
increases  or  decreases  in  intensity,  without  changes  in  the  proportions 
of  the  fundamental  stimulations,  the  color  apparent  to  the  eye  must 
change  in  consequence  of  the  presence  of  self  light,  supposed  for 
simplicity  to  be  constant  in  amount  and  quality.  Even  with  that 
restriction,  the  change  in  color  in  passing  from  ordinary  to  very  feeble, 
or  from  ordinary  to  very  intense,  illumination  is  in  agreement  with 
observation." 

"With  increasing  brightness  all  spectrum  colors,  any  one  of  which 
possesses  a  fixed  relative  composition  with  regard  to  the  fundamentals 
.  .  .  becomes  more  similar  to  white  of  a  yellowish  tinge.  The  most 
rapid  passages  thereto  occur  in  the  change  of  green  into  yellow,  and 
of  violet  into  whitish  blue.  Greater  increase  of  intensity  is  required  to 
change  blue  into  white  and  red  into  yellow.  The  only  color  which 
remains  markedly  unchanged  at  all  intensities  is  a  yellow  white." 

As  regards  the  meaning  of  the  threshold  value  of  color,  Peddie 
suggests  (p.  128)  that  it  is  "the  value  of  the  external  stimulus  which 
forms  the  least  perceptible  difi'erence  from  the  so-called  self  light. 
Behind  this  question  lies  the  further  one  whether  the  threshold  value 
is  entirely  due  to  the  self  light,  so  that  it  would  vanish  if  the  latter 
vanished;  or  is  in  part  due  to  structural  or  functional  conditions,  so 
that  it  possesses  a  small  finite  limit  under  extreme  dark  adaptation." 
And  in  regard  to  the  increase  of  the  threshold  value  after  fatigue, 
he  says  (p.  172):  "The  increase  of  the  threshold  value  has  then  a 
positive  magnitude  as  self  light,  evident  during  the  absence  of  any  or 
too  strong  external  illumination,  and  which  may  inhibit  that  external 
illumination  from  perception  if  it  be  sufficiently  weak,  as  when  an  eye, 
dazzled  by  strong  lights,  cannot  perceive  even  bright  objects  through 
the  consequent  glare  of  the  intensified  self  light.    But  the  increase  in  the 
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threshold  value  may  also  ha\e  inhibiting  effect  ai)art  from  evident 
self  light." 

Since  the  direct  action  of  light  or  cctlor  is  at  least  the  chief  agency 
by  which  retlex  sensations  are  excited,  it  follows  that  the  direct  effect 
of  light  should  have  a  threshold  \alue  apart  from  the  self  or  reflex 
light  which  is  occasioned  by  it.  This  would  have  to  be  tested  by 
experiments  with  intermittent  vision,  in  order  that  the  durati(jn  of 
the  direct  stimulus  on  the  retina  can  be  controlled  and  studied  before 
the  reflex  light  has  lime  to  develop.  Hut  in  steady  light  it  will  probably 
be  impossible  to  separate  threshold  values  from  the  retlex  self  light. 

The  retlex  theory  quite  adequately  accounts  for  "the  calling  out  of  a 
colored  sensation,  previously  below  the  threshold,  by  means  of  a  feeble 
white  stimulus."  (p.  192).  For.  as  the  writer  has  shown."  while  light 
reflexly  enhances  the  perception  of  c<»lors  in  all  j)arts  of  the  spectrum. 
The  sub-threshold  color  stimulus  therefore  falling  upon  the  enhanced 
sensations,  will  as  a  consequence  have  sufficient  intensity  to  be  per- 
ceived. This  amounts  to  the  same  thing  as  saying  that  '\i  color 
threshold  is  lowered  by  a  process  of  defatigue."  (p.  201  ).  Defatigue 
is  a  term  which  Peddie  uses  frequently,  and  is  his  equivalent  for  what 
the  writer  has  shown  to  be  rellex  enhancement  of  sensations;  (e.g.  see 
Peddie.  p.  172K  Peddie  also  suggests  (p.  148)  the  possibility  that 
the  three  fundamental  threshold  values  may  correspond  to  the  com- 
ponents of  the  self  light. 

'*In  the  central  fovea"  says  Peddie  (p.  147),  "the  sensitiveness  to 
weak  light  is  usually  very  small.  Thus  it  is  well  known  that  faint 
stars  which  can  be  seen  by  indirect  vision  disappear  when  the  gaze  i^ 
direct.  The  natural  conclusion  is  that  the  cone  structure,  which  is 
effective  in  direct  vision,  is  not  responsive  to  very  feeble  illumination. 
This  might  l)e  due  to  inherent  structural  or  functional  conditions. 
On  the  other  hand,  it  may  be  due  to  excitation,  not  necessarily  visible, 
of  self  light  in  the  foveal  region;  which,  in  accordance  with  Fechner's 
modilication  of  his  law  of  the  sensation  of  luminosity.  elTectivcly 
lessens  the  sensitivity  to  illumination  ...  It  is  quite  in  consistence 
with  this  view  that  the  slight  possibility  of  foveal  ilark  adaptation 
which  is  normally  observable  must  be  jireceded  by  strong  light  adapta- 
tion.   This  accentuates  the  self  light  above  its  normal  value." 

This  brings  up  the  question  whether  the  rods  and  cones  are  dilTeren- 
tiated  with  respect  to  the  direct  and  reflex  sensations.     So  far  as  the 

*  Refle.x  N'isual  Sensations,  \(k.  cit.,  p.  5*>.'<. 
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writer's  investigations  have  gone  the  actions  of  light  have  been  spread 
over  relatively  large  retinal  areas  in  the  central  part  of  the  eye.  There 
is  no  experimental  evidence  at  present  as  to  whether  the  reflexes  exist 
in  the  fovea,  which  has  no  rods,  or  whether  they  are  found  in  those 
peripheral  regions  where  the  rods  are  greatly  in  excess  of  the  cones. 
It  will  undoubtedly  be  of  great  interest  and  importance  to  discover 
the  relation  of  the  rods,  cones,  and  visual  purple,  to  the  direct  and 
reflex  effects  of  color.  The  two  actions  of  color,  direct  and  reflex,  the 
two  kinds  of  optic  nerve  fibres,  afferent  and  eft'erent,  and  the  two 
kinds  of  end  organs,  rods  and  cones — receptors  and  effectors? — offer 
most  suggestive  possibilities  for  the  more  exact  formulation  of  the 
physiological  theory  of  color  vision. 

In  regard  to  the  perception  of  blackness  Peddie  is  of  the  opinion 
(p.  170)  that  "it  is  the  existence  of  this  self  light,  whatever  be  its  origin, 
which  gives  rise  to  the  idea  that  there  can  be  degrees  of  blackness  .  .  . 
But  we  ought  not  to  conclude,"  he  continues,  "that  there  can  be  a 
black  which  is  'blacker  than  black.'  The  error  lies  in  calling  the  normal 
background  black  when  external  light  is  excluded." 

The  self  light  is  usually  considered  to  be  very  weak  since  ordinarily 
it  is  observed  in  darkness.  But  its  occurrence  is  by  no  means  limited 
to  that  condition.  In  speaking  of  fatigue  Peddie  remarks  (p.  149): 
"When  the  fatigue  tint  becomes  noticeable,  the  condition  of  dazzle 
arises,  though  the  term  is  generally  employed  only  when  the  induced 
self  light  becomes  strongly  noticeable." 

"When  the  intensity  of  illumination  of  an  object  seen  through  self 
light  or  dazzle  light  is  reduced  so  as  not  to  exceed  the  intensity  of  the 
later  by  more  than  the  limit  of  differential  perception,  the  object  ceases 
to  be  visible." 

He  also  refers  (p.  166)  to  the  fact  that  "Fechner  has  shown  how 
the  influence  of  self  light  may  be  included  in  the  mathematical  formu- 
lation dealing  with  intensity,  and  that  Helmholtz  has  extended  the 
formulation  so  as  to  include  the  case  of  the  influence  of  self  light  upon 
color,  and  that  not  merely  in  weak  illumination,  but  even  in  the 
extreme  case  when  dazzle  occurs."  And  again  (p.  167)  he  refers  to 
"self  light  in  perhaps  its  extreme  manifestation  of  dazzle." 

From  the  point  of  view  of  the  reflex  theory  the  continuous  increase 
of  self  light  from  almost  imperceptible  intensity  to  the  opposite  extreme 
is  to  be  expected.  For  all  colors  excite  the  three  reflexes,  thus  producing 
white,  and  the  magnitude  of  their  excitation  must  depend,  though 
only  in  part,  upon  the  intensity  of  the  external  light.    Increase  of  the 
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latter  can  scarcely  fail  to  aug^ient  the  former  up  to  some  '•••■•• -ng 
maximum  value  which  may  be  very  great. 

Though  the  intensity  of  the  self  light  may  lluctuate  irregularly 
when  weak  (pp.  174  and  175),  strong  illumination  will  render  it  steady 
(p.  177). 

In  his  study  of  the  spectrum  curve,  Fig.  1,  in  the  color  triangle 
(p.  54).  Peddic  says  (p.  55):  "'i'he  sharp  inflection  of  the  extreme 
tip  of  the  violet  end  of  the  curve  is  due,  as  Helmholtz  pointed  out.  to 
fluorescence  in  the  eye  which  makes  the  light  falling  on  the  retina  fn.m 
this  region  of  the  spectrum  whiter  than  the  actual  light  as  it  would 
be  perceived  by  a  n(jn-flu»irescent  eye." 


Red.  ^^T-^n^Blue 

Fig.   1.     Sptclrum  ctinr  in  l/tc  lolor  triatigU-. 

In  the  papers  already  cited^  the  writer  has  shown  that  violet  exerts 
by  far  the  most  powerful  reflex  influence  of  all  C(»lors.  the  elTect  being 
quite  as  great  as  that  produced  by  yellow  light  which  is  seven  hundred 
times  as  bright  as  the  color  of  wave  length  .4HV.  The  inflection  of  the 
violet  end  of  the  spectrum  curve  may  therefore  be  due  to  this  exception- 
ally large  reflex  stimulation  of  the  fundamintal  sensati<ins  which  is 
easily  capable  of  whitening  the  violet  light. 

It  is  impossible  that  fluorescence,  which  i^  a  distinctly  physical 
phenomenon,  can  be  caused  by  physiological  reflex  actit>n;  nor  can  that 
phenomenon  be  produced  on  any  part  of  the  eye  other  than  the  area 
upon  which  the  external  light  impinges.  And  it  must  be  remembered 
that  the  same  reflex  eflects  of  violet  that  are  found  in  the  retinal  area 
directly  stimulated  by  the  light  arc  found  in  the  adjoining  regions,  and 
are  also  transferred  from  one  eye  to  the  other. 

'  On  Riilcx  \isual  Sons;itions,  loc.  cit.  p.  596. 
Kollcx  Sensations  and  Color  Contrast.     J.  O.  S.  A.  &  R.  S.  I.,  7,  p.  yjo;  1VJ.<. 
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But  since  fluorescence  does  occur  in  the  retina  its  presence  suggests 
that  some  function  must  be  performed  by  it.  Mr.  M.  S.  Hollenberg 
has  suggested  to  me  the  probabiUty  that  its  purpose  is  protective  to  the 
visual  apparatus.  It  is  well  known  that  ultra  violet  waves  reach  the 
retina,  and  if  very  intense  are  highly  painful  and  injurious.  With 
ordinary  modes  of  illumination,  especially  with  daylight  for  which  the 
eye  is  fundamentally  adapted,  the  quantity  of  ultra  violet  radiation  is 
small.  When  this  falls  upon  the  retina  it  is  absorbed  by  the  fluorescent 
substance  and  transformed  into  harmless  waves.  The  quantity  of 
fluorescent  material  in  the  eye  can  only  be  very  small  and  it  is  not 
equal  to  the  task  of  transforming  the  powerful  radiation  of  very  short 
wave  lengths  produced  by  some  modern  artificial  luminous  radiators. 
When  the  protective  barrier  is  overwhelmed  the  retina  is  helplessly 
exposed  to  danger. 

Peddie  also  connects  the  self  light  of  the  retina  with  the  phenomena 
of  after  images,  observing  (p.  169)  that  "All  after  images  are,  strictly 
speaking,  manifestations  of  the  so-called  self  Hght  of  the  eye  raised  by 
precedent  conditions  to  an  intensity  sufficient  for  direct  sensation  under 
circumstances  in  which  it  would  normally  be  quite  invisible."  And 
again  (p.  173)  he  speaks  of  "the  intensified  self  light  which  constitutes 
the  after  images." 

The  phenomena  of  after  images  form  a  subject  of  great  extent  and 
complexity  which  it  is  the  intention  of  the  writer  to  consider,  together 
with  the  closely  allied  subject  of  inhibition  of  sensations,  in  a  future 
communication.  Further  discussion  of  these  topics  will  therefore 
be  omitted. 

In  accounting  for  the  origin  of  the  self  light  Peddie  suggests  a  con- 
siderable number  of  possible  causes  (p.  48) :  "The  apparent  luminosity 
which  is  evident  to  the  eye  against  the  dark  background  of  a  room 
from  which  light  is  totally  excluded  depends  upon  the  illumination 
which  has  previously  fallen  from  external  sources  upon  the  retina. 
An  effect  of  this  kind  might  arise  from  fluorescence  in  some  part  of  the 
eye,  or  from  the  persistence  of  that  physical  consequence  of  the  illumin- 
ation of  the  retinal  structures  which  gives  rise  to  the  stimulation  of  the 
nerves,  or  from  persistence  of  that  stimulation,  or  from  persistence  of 
the  physiological  effects  of  that  stimulation  when  it  influences  the 
brain  organs  concerned  in  psychological  perception.  On  the  other 
hand  it  may  have  its  origin  in  the  retina  itself  from  an  extraneous 
development  therein  of  the  physical  action  which  results,  to  a  still 
greater  extent,   when  external  light   falls  upon   the  eye:  or  it  may 
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originate  by  txtrantM.us  development  of  any  of  the  energ>-  transforma- 
tions which  arise  in  the  transmitting  apparatus  or  in  the  brain  itself 
as  a  consequence  of  the  incidence  <.f  external  light  up..n  the  retina."* 
This  list  of  suggestions  obviously  decides  nothing;  but  at  least  it 
serN-es  to  indicate  how  difficult  it  has  been  to  determine  the  origin  .»f 
the  self  light.  The  exiK-rimental  demonstration  of  reflex  excitation  of 
the  primary  sen.sations  seems.  h<.wever.  t..  pro\i(Je  a  simple  as  well  as 
an  adequate  exjWanation  of  the  origin  <.f  the  hitherto  pu/.zling  phenom- 
enon of  the  self  light  of  the  retina. 

The  ordinary  excitation  of  the  visual  recepl.-rs  is  bv  means  of  external 
hjlht.  In  additi.m  to  this  there  is  evidence  that  retlex  light  elTects  are 
caused  by  mechanical  pressure. 

As  quoted  above  Helmhollz  >tates  that  on  cK.sing  hi>  eyes  he  ob- 
served the  self  light  in  forms  resemblin-  moss  and  leaves'  He  also 
observed  it  as  circular  and  other  forms  of  faintly  luminous  mists  which 
appeared  to  travel  towards  the  centre  of  the  field  of  vision.  The 
movements  of  these  mists  he  observed  to  be  svnchn.nous  with  respira- 
tion. '  * 

The  observations  of  Purkinje  ..n  the  same  phen<.mena  are  also 
relerred  to  by  Helmholtz.  After  vigorous  phvsical  e.xerci.sc  I>urkinje 
^w  m  the  dark  field  of  vision  a  feeble  light  waving  ami  flickering  like 
a  dying-out  flame  of  •  ■■^-  tlcohol.  On  closer  observation,  he  also  saw 
in  It  innumerable  sn...,  ^M.ints  of  light  which  moved  awav  from  each 
other  leaving  streaks  of  light  in  their  paths.  Everv  unexj>ected  or 
uncertain  movement  ami  momentary  oscillation  of  the  eve  is  accom- 
panied by  alteraUon  of  the  positions  of  these  pale  mists  and  other 
light  images. 

-My  research  assistants.  .Messrs.  A.  ami  M.  S.  Hollenberg  have 
suggested  the  probability  of  the  close  connection  between  these  phe- 
nomena and  changes  in  the  mechanical  pressure  on  the  retina  arising 
from  variations  of  the  pressure  of  the  blood. 

It  is  of  course  common  observation  that  a  blow  on  the  eve  produces 
irregular  flashes  of  light,  ami  that  a  steady  strong  pressure  also  causes 
luminosity  in  the  retina.  Indeed  the  observations  of  Helmholtz  mav 
be  readily  repeated  by  covering  the  closed  eyes  with  the  hand  and  at 
the  same  time  exciting  pressure  ^^^th  the  lingers  upon  the  eyes. 

When  a  person  has  high  blood-pressure  it  often  happens  that  on 
closing  the  eyes  flashes  of  light  are  seen.  In  glaucoma  the  intraocular 
pressure  is  already  high  so  that  additional  pressure  in  the  form  of. 
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arterial  pulses  may  also  produce  flashes  of  light  as  well  as  circular 
colored  rings  or  halos  around  artificial  lights. 

The  blood-pressure  in  the  arterial  system  experiences  a  dual  altera- 
tion/°  both  elements  of  which  are  rhythmical.  First,  there  is  an 
increase  of  pressure  with  each  heart  beat  causing  expansion  of  the 
blood  vessels,  and,  second,  there  is  a  greater  increase  of  pressure  with 
each  inspiration  and  a  fall  mth  each  expiration.  The  former  pressure 
changes  are  much  more  frequent  than,  but  not  so  extensive  as,  the 
latter.  After  exercise  both  heart  beats  and  respiration  are  faster  and 
more  vigorous  with  correspondingly  greater  alterations  in  the  blood- 
pressure.  Every  movement  of  the  body  seems  to  be  reflected  in  altered 
blood-pressure.  Variations  in  the  accommodation  of  the  eyes  also 
change  the  intraocular  pressure. 

The  movements  of  the  streaks  and  spots  of  light  and  light  mists, 
which  Purkinje  observed  to  be  synchronous  with  respiration,  and  more 
pronounced  after  exercise,  together  with  other  luminous  pressure 
effects,  all  serve  to  prove  that  mechanical  stimulation  of  the  retina  by 
changes  in  the  blood-pressure  in  its  circulatory  system  is  the  efficient 
cause  of  these  peculiarities  of  the  self  light.  In  these  cases  also  the 
pressure  is  conveyed  to  the  brain  centres  in  the  form  of  nerve  impulses 
which  are  capable  of  stimulating  the  eft'erent  fibres  so  as  to  produce 
the  reflex  light.  As  all  three  sensations  are  equally  and  simultaneously 
stimulated  the  reflex  light  is  white. 

From  the  various  characteristics  of  the  self  light  and  the  modes  of  its 

excitation,  and  from  the  properties  of  the  sensory  visual  reflexes  as  well 

as  the  particular  physiological  principles  in  accordance  with  which 

they  operate,  the  general  conclusion  seems  to  be  warranted  that  the 

self  light  of  the  retina,  which  is  usually  seen  as  a  feeble  luminous 

impression  in  the  dark,  is  identical  in  its  origin  with  the  weak  as  well 

as   the   bright   white  light   underlying   and   accompanying   all   color 

perception,  and  that  it  is  reflex  in  its  nature. 

Department  of  Physics, 
University  of  Manitoba, 
Winnipeg,  Canada. 

'"  See  blood  pressure  tracing  and  explanation  in  Howell's  Text-book  of  Physiology  (8th 
Ed.),  p.  656. 
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A  NEW  TRI-COLOK   MIXING  SPhCTKOMETIR 


BY 

Frank   Allen 


A   M.W     IKI  tOl.Ok    MIXINC  M'l  ("'I  ROMKTER 

'1  he  new  instrument,  of  which  a  brief  description  is  fjiven  in  this 
communication,  is  a  combination  in  part  of  the  color  mixing  spectro- 
meter described  by  Ilelmholt/  in  Physiol.  Optik,  .Ud  Ed.,  2,  p.  33i,  and 
of  the  llil^'cr  wave  lenjjth  spectrometer. 

The  plan  of  the  instrument  is  shown  in  detail  in  the  two  accom- 
panying figures. 

In  the  Hilger  spectrometer  the  collimator  and  telescope  are  fixed 
at  right  angles  to  each  other,  and  the  sj)ectral  ray  in  the  axis  of  the 
telescope  emerges  from  the  j)eculiarly  shaj)ed  prism.  .1.  always  at 
minimum  deviation.  The  various  colors  are  brought  into  view  by 
rotating  the  prism,  which  is  accomplished  by  means  of  a  drum  gradu- 
ated in  wave  lengths.  The  prism  and  drum  are  mutually  adjusted 
so  that  the  wave  length  of  the  color  under  observation  is  always 
indicated  directly  by  an  index  which  runs  in  a  helical  slot  in  the  drum. 

In  the  Ilelmholt/  color  mixing  si)ectrometer  the  telescope  is  also 
fixed  in  position  and  the  two  collimators  rotate  so  as  to  bring  the 
spectral  colors  in  turn  into  the  telescope.  In  the  tigure,  the  prism. 
r,  which  in  the  original  instrument  of  Ilelmholt/,  is  equilateral,  but 
not  truncated,  is  so  placed  with  reference  to  the  two  moveable  colli- 
mators, Cj  and  ('3,  that  two  of  the  edges  are  used  as  refracting  angles. 

In  the  new  instrument  the  special  prism.  P,  is  truncated  by  a  plane 
accurately  parallel  to  the  base.  With  respect  to  the  spectral  rays  from 
the  Hilger  jirism.  .1,  the  truncated  prism  acts  as  a  thick  plate  allowing 
the  light  to  pass  through  without  deviation  and  with  very  little  loss  by 
absorption. 

The  two  collimators,  L\  and  c'3,  rotate,  and  their  spectra  can  be 
calibrated  in  the  usual  manner  by  means  of  verniers  ami  the  graduated 
circle. 

On  top  of  the  truncateil  prism.  /',  which  is  1.6  cm  high,  is  mounted  a 
mirror  of  the  same  height  at  such  an  angle  that  white  or  colored  light 
from  a  siile  .source  may  be  conveniently  reflected  into  the  telescope. 
A  total  rellection  jiri.sm  might  be  used  instead  of  the  mirror  unless 
the  movements  of  the  collimators  C\  or  C\-i  should  interfere  with  the 
path  of  the  light. 
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The  slits  ui  tlu-  ihrcc  coIlinKitors  are  provided  with  special  wedges 
for  reducing  the  apertures  so  that  the  three  spectra  may  be  placed  one 
above  the  olhir;  or  so  thai  two,  or  all  three  of  them,  may  be  wholly 
or  partially  sui)erposed.  The  slit  widths  are  controlled  and  measured 
by  Imely  graduated  micrometer  screws.  Calibrated  neutral  tinted 
wedges  may  also  be  used  in  front  of  the  slits  to  control  and  measure 
the  intensities  of  the  light  in  each  spectrum. 

\\  lun  the  instrument  is  jjrojjcrly  adjusted  the  observer  can  see  in 
the  telescope  three  spectra,  one  above  another,  and  at  the  top  a  rec- 
tangular patch  of  white  light  rellected  from  the  mirror.  As  the  wedges 
at  the  slits  are  adjustable,  the  spectra  and  the  white  light  may  be 
brought  into  the  closest  juxtaposition  with  each  other  without  over- 
laj)ping.  The  llilger  shutter  eye-piece  also  enables  the  observer  to 
control  the  width  of  the  j)orlions  of  the  sj)ectra  in  view.  Mixtures  of 
two  or  three  spectral  colors  may  be  made  in  any  way  desired,  and  the 
spectral  components  can  be  intlependently  controlled  and  measured 
both  in  respect  of  wave  length  and  intensity. 

The  sj)ectrum  from  the  collimator  C'l  is  from  a  prism  equivalent  to 
60°,  and  the  central  ray  in  the  telescope  is  always  at  minimum  devia- 
tion. The  spectra  from  the  collimators  d  and  C3  are  formed  by 
refracting  angles  of  about  70  \  and  the  observed  rays  in  the  telescope 
are  not  at  minimum  deviation.  The  last  two  sjiectra  are  identical 
in  dispersion  and  intensity,  though  reversed  in  order  of  color,  while  the 
tirst  dilTers  somewhat  from  them.  The  intensities  can  easily  be  adjusted 
to  a  common  standard;  tin-  hues,  however,  may  slightly  dilTcr. 

The  spectrometer  has  not  yet  been  sulViciently  used  to  warrant  fur- 
thur  discussion;  but  it  seems  to  possess  many  advantageous  features, 
and  any  disadvantages  or  defects  will  probably  be  remediable. 

The  instrument  was  designed  ami  constructed  from  sketch  plans  of 
the  writer  by  Messrs.  Adam  Hilger  Ltd.,  London.  Eng.,  with  the 
precision  and  iinish  for  which  that  lirm  is  noted. 

The  writer  desires  to  record  his  thanks  to  the  Honorary  Advisory 

Council  for  Scientit'ic  and  Industrial   Research,  Ottawa,  for  a  grant 

covering  the  cost  of  this  instrument. 

Dei'artme.nt  of  Physics, 
Umvkrsity  of  Mamtoh.\, 
Winnipeg,  Canada. 
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(hi  the  Critical  Frequency  of  Pulsation  of  Tones.     7>//  FkaN'K 
Ali.KN',  I'li.h.,  Professor  of  f'/ii/sirSj  Universitt/  of  Manituha, 
\\'i/uiif>etj,  Canada. 

IN  a  recent  communication  with  tho  above  title  to  the 
Philosophicil  i\Ia<iaziii(3  f,  several  relationshipN  were 
deduced  t'r(jni  the  e.Kperimental  data  connecting  D,  the 
duration  of  a  pul.se  of  sound  at  the  critical  frequency  of 
pulsation  or  flutter  of  a  tone,  P,  the  blowing  pressure  of  the 
air  in  the  tonvariator,  to  which  the  intensity  of  the  .sound  is 
])ropt)rtiunal,  and  X,  the  fre(juency  of  vibration  of  the  tone. 

Tiie  most  imi)ortant  of  these  relationships  is  that  connecting 
D  and  P,  and  was  given  in  the  paper : 

1)  =  K  Vlog  P  +  ( ". 

where  K  and  0  are  constants. 

This  equation,  apjilied  to  the  experimental  measurements 
containe<l  in  Tabh?  II.  in  the  former  paper,  gave  a  series  of 
straight  lines  for  diHerent  values  of  N,  which  were  shown  in 
fig.  3,  p.  5C),  in  the  paper.  Tho  lines  were  so  uniforndy 
straight  that  it  was  concluded  this  equation  completely 
satisfied  the  experimental  data. 

Table. 


?res9ure 
P. 

log  P. 

D. 

N  =  170. 

D. 
N  =  180. 

D. 
N  =  200. 

D. 

N  =  240. 

D. 
>-  =  2f4 

2-40  cm. 

•380 

sec. 
00203 

sec. 
00198 

sec. 
0^0189 

sec. 
00172 

sec. 
0(1164 

2-20   „ 

•342 

•0200 

•0190 

•0186 

•0170 

•0160 

210  „ 

•322 

•0197 

•0192 

•01.83 

•01615 

•0157 

1-98  „ 

•297 

•0194 

•0189 

•0179 

•0162 

•0154 

1-82  „ 

•2(50 

•0191 

•0186 

■0176 

•0160 

•0151 

1-70  ., 

•230 

•0189 

•0184 

•0173 

•01. -16 

•0147 

1-62  „ 

•209 

■0186 

•0181 

•0171 

•01.=S3 

•0144 

1-53  „ 

•185 

•0182 

•0177 

0167 

•015<1 

•0141 

1-45   „ 

•161 

•0177 

•0172 

•0162 

•0143 

•Oi:;'4 

1-25  „ 

•097 

•0108 

•0163 

•0153 

•0135 

•01-26 

Keference  was  also  made  in  the  paper  to  the  analogous 
t  Vol.  xlvii.  p.  -JO  (1924). 
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equation  oF  T.  C.  Porter,  connectin^r  I),  the  duration  of  a 
flash  of  liolit  at  the  critical  frequency  of  flicker,  and  L,  the 
intensity  of  illumination  of  a  black  and  white  disk, 

n=  —  =  K  log  L  +  0. 

This  equation,  when  applied  to  Porter's  measurements  on 
white  liglit,  was  found  to  have  two  values  for  the  constant, 
K,  and  therefore  represented  two  straight  lines  with  different 
inclinations,  which  met  at  a  point  representing  the  low 
illumination  of  0'25  metre-candle. 

As  this  peculiarity  of  Porter's  law  has  been  interpreted 
as  applying  to  vision  by  the  rods  for  dim  light,  and  by  the 
cones  for  bright,  there  seemed  to  be  no  reason  why  a 
similar  phenomenon  should  occur  in  the  perception  of  sound, 
since  nothing  suggestive  of  a  double  percipient  mechanism 
corresponding  to  rods  and  cones  exists  in  the  ear. 

The  authors  therefore  felt  satisfied  that  the  square  root  of 
log  P  was  involved  in  the  sound  measui-ements,  and  did  not 
discover  the  direct  relationship  Which  is  here  shown  to 
exist. 

Recent  unpublished  work  in  the  writer's  laboratory  on  the 
sense  of  touch  has  brought  to  light  a  phenomenon  of  double 
action  precisely  similar  to  Porter's  law  in  the  visual 
sensation.  In  consequence  of  ihis  discover}',  the  data  on 
sound  were  re-examined  in  order  to  see  if  Porter's  law  held 
there  within  the  ranoe  of  intensities  studied.  On  t)lottino- 
the  values  of  D,  from  fable  II.  referred  to  above,  and  log  P, 
each  of  tiie  curves  was  found  to  consist  of  two  straight  lines 
similar  to  those  found  by  Porter. 

These  are  shown  in  the  new  figure  in  this  paper.  Each 
pair  of  lines  represents  observations  made  on  a  tone  of  the 
frequency  indicated,  when  it  was  varied  from  the  lowest  to 
the  highest  available  intensity.  It  may  be  remarked  that 
Ives*  found  Porter's  law  to  apply  to  each  spectral  colour 
with  a  suitable  change  in  the  constants.  This  was  confirmed 
by  the  writer f. 

Talkie  II.  of  the  former  paper  is  given  here  togetlier 
with  the  values  of  log  P  instead  of  the  square  root  of  that 
quantity. 

*  Phil.  Mag',  vol.  xxiv.  p.  .3.58  (1912). 
t  iMiil.  Mag.  vol.  xxxviii.  p.  81  (1919). 


Freijueui'ij  oj  I'ltlsation  »»/  Toiwt.  m.'j 

Till'  cluiu^o  ill  >IojH'  of  tlie  lines  in  the  ti;iur«  occurs  in  ojicli 
cuso  iit  an  intfiisity  ;;iv<'n  liy  tin*  tonvuriator  when  hluwii  bv 
an  aii-|iressure  ot'  1"7(>  em.  of  water.  This  is  a  quite  weak 
Moiind,  and  i>  eoiii|iarahle  \Nith  the  [losilimi  of  thi*  analo;;oiis 
point    found  hy  I'orter  at  the  intensity  of  U*2j  inetre-eandh*. 

In  the  fonnor  |ia|.»M-  it  was  jtointed  out  tliat  I'oi  ter's  hiw 
ie(|uires  the  reciprocal  of  D,  whereas  in  sound  I)  appears 
directly. 


Porter  found  the  an<:U>  of  inclination  ni:iilo  hy  the  u;>p«'r 
line  repro.sentin;j  hi«ih  intensities  to  be  nearly  twiie  thai  ot' 
the  lower.  Insertint;  the  numerical  values  of  the  constants^ 
Porter's  law  may  be  written 


and 


/(=  ll'l  \o<j^  I. -I-  li\  for  hiiih  intensities, 


;(  =  l-')!')  lo<x  L+ 1  7-7.").  for  low  intensities. 


The  lower  bramdies  of  the  curves  for  sound  in  the  tiirnre 
arc^  practically  parallel,  with  a  mean  an;;le  of  ircliuttion  of 
2\° ')'- .  The  upper  branches,  for  inoro  intense  souiuN, 
slif^htly  convertje,  that  for  N  —  1  7(1  d.  v.  having  an  an;:l.'  of  1  7r 
and  the  others  suf'cessively,  IT*'',  17*^:UV,  17°4J',  and  1.^  .!(»'. 
In  tlio  analofjous  case  of  colours  Ives  found  a  >iniilar  i  on- 
vcriiencc  of  the  lines. 
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Porter's  equations  applied  to  sound  niaj  be  written 

D  =  0-01558  log  P  +  C,  for  low  intensities 
and 

D  =  0.01027  log  P  +  C,  for  high  intensities, 

where  001027  is  the  mean  value  of  the  five  constants,  which 
range  from  0-00932  to  0-01134. 

The  values  of  C  vary  for  the  different  curves,  and 
apparently  are  not  physiologically  significant,  unless  possibly 
they  may  have  some  connexion  with  threshold  values,  it 
will  be  noticed  also  that  the  larger  value  of  the  constant,  K, 
in  Porter's  equations  is  for  high  intensities,  whereas  the 
opposite  is  the  case  with  sounds. 

Since  Porter's  law  is  derived  from  Fechner's  law  *, 
which  is  fundamental  in  sensory  nerve  action,  it  ought, 
therefore,  to  follow  that  the  fundamental  sensory  actions  and 
reactions  should  be  similar  with  all  the  sense  organs.  The 
peculiar  alteration  of  direction  of  the  lines  when  changing 
from  weak  lipht  to  strontr  ouoht  also  to  be  found  when 
changing  from  any  weak  sensory  im[)ressions  to  strong. 
This  we  now  find  to  be  the  case  with  the  sensations  of  sound 
and  touch  in  addition  to  that  of  light. 

In  light,  the  Porter  effect,  as  we  may  conveniently  term 
it,  has  been  referred  to  the  change  from  rod  vision  to  cone, 
and  therefore  has  been  r.egarded  as  confirmatory  of  the 
Duplicity  Theory  of  Vision  of  von  Kries.  But  from  the 
additional  evidence  adduced  here,  such  an  interpretation 
becomes  extremely  improbable.  The  Porter  effect  appears 
to  be  a  general  property  of  the  sensory  nervous  system,  and 
hence  must  be  referred  to  some  fundamental  property  that  all 
such  nerves  possess  in  common.  Tiie  most  probable  location 
of  the  effect  appears  to  the  writer  to  be  in  the  synapses,  which 
Sherrington  lias  found  to  possess  a  large  number  of  important 
functions  in  nerve  conduction. 

As  it  is  the  intention  of  the  writer  to  discuss  this  subject 
more  fully  when  the  experimental  data  now  accumulating  are 
complete,  only  this  addition  to,  and  correction  of,  the  former 
paper,  and  its  most  obvious  implications,  are  noted  at  p-resrnt. 

On  p.  56  of  the  paper  referred  to  the  value  '0311  in  Table 
II.  should  be  -311,  and  on  p.  57  the  word  "  arbitrary  "  should 
be  omitted  from  the  last  line,  as  the  constants  are  determined 
by  the  nature  of  the  phenomenon  and  by  the  mode  of 
experimentation. 

•  Peddie,  '  Colour  Vision,'  p.  162. 
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ON  THE  VERIFICATION  OF  THE  PRINCIPLE  OF  RFFl  1  X 

VISUAL  SENSATIONS 


BY 
-M.  S.  HoLLENBERG 


ON  THE  VKRIl'ICArioX  OF  THK  rRlXCirLK  OF 

rf:flkx  \  isi  al  sensations* 

By  M.  S.  IIui.u-N'nERG 
SYNOPSIS 

Section  I.  of  this  communicatit)n  contains  a  brief  resume  of  Allen's  work  on  Reflex  Sensa- 
tions. 

Section  II.  contains  descriptions  of  experiments  made  by  fatiguing  the  left  eye  with 
various  colors  and  then  measuring  the  refle.x  effects  uixm  the  color  sensations  in  tlic  right 
eye,  which  is  maintained  in  daylight  adaptation. 

Section  Til.  contains  descriptions  of  the  fatigue  and  reflex  effects  of  color  stimuli  when 
applied  to  the  right  eye,  the  left  being  maintained  in  daylight  adaptxition.  The  direct  and 
reflex  effects  of  white  light  and  darkness  are  also  studied. 

Sc-ction  IV.  contains  theoretical  discussions  relative  to  some  of  Burch's  e.xperiments  on 
fatigue,  and  to  the  brief  initial  ovcrshm>ting  of  scns:itions  when  colored  light  is  first  applied 
to  the  eye.  The  experimental  results  are  shown  to  support  the  trichromatic  theor>'  of  Young 
and  Ilelmholtz. 


'J  he  Rccnl  iiucstijiations'  by  Alien  on  llic  clTocts  of  retinal  fatigue 
upon  color  sensations  has  led  lo  the  discovery  of  a  new  physiological 
reflex  which  is  sensory  in  its  nature.  The  r6le  of  this  sensory  reflex 
opens  a  new  field  in  color  vision  as  well  as  in  the  physiology  of  receptor 
end-organs. 

Allen's  work  indicates  that  wiien  light  falls  upon  any  part  of  either 
retina,  the  perceptiem  of  the  three  fundamental  color  sensations,  red, 
green,  antl  violet,  as  measured  by  the  critical  frequency  of  flicker, 
is  enhanced  in  both  retinas.     'I'hc  experiments  to  be  described  in  this 

•  Read  at  the  meeting  of  The  Optical  Society  of  America,  Cleveland,  C,  October,  1923. 
'On  Reflex  \isual  Sensations.    J.  O.  S.  A.  and  R.  S.  I,  7,  p.  5S3;  1923.    On  Reflex  Visual 
Sensations  and  Color  Contrast,  ibid.  p.  913. 
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communication  were  undertaken  to  ascertain  if  the  results  obtained  by 
Allen  applied  to  another  normal  individual.  This  was  found  to  be  the 
case.  The  writer  investigated  practically  the  whole  of  the  spectrum 
and  found  that  in  every  instance  his  curves  were  identical  with  those  of 
Allen. 

The  apparatus  used  to  determine  the  critical  frequency  of  flicker 
was  arranged  as  follows:-  Light  from  an  acetylene  flame  passed 
through  a  rotating  disk  with  two  opposite  open  sectors  of  90°  each. 
The  flickering  light  so  produced,  entered  a  spectrometer  and  was 
viewed  as  a  spectrum  in  an  eye-piece  with  adjustable  shutters,  which 
cut  off  all  the  spectrum  except  a  narrow  rectangular  band  of  the  desired 
wave  length.  By  electrical  means  the  speed  of  the  disk  was  recorded 
when  the  flickering  of  the  light  in  the  eye-piece  was  perceived  as  a  just 
continuous  sensation.  The  duration  in  time  of  the  light  impulses  which 
is  required  to  produce  a  continuous  sensation  varies  with  the  lumin- 
osity or  physiological  brightness  of  the  spectrum;  and  when  plotted 
with  the  wave  lengths  of  the  colors  observed  as  abscissae,  a  curve  is 
obtained  called  the  persistency  curve.  The  time  on  any  point  of  this 
curve  is  referred  to  as  the  critical  frequency  of  flicker  for  the  corre- 
sponding wave  length. 

By  this  means  a  normal  curve  was  obtained  for  the  right  eye  which 
served  as  a  standard  of  comparison  for  other  persistency  curves  taken 
under  varying  conditions  which  wfll  be  discussed.  This  normal  curve 
was  checked  throughout  the  investigation  and  was  found  to  remain 
constant. 

In  fatiguing  the  eye  a  second  spectrometer  was  used  with  the  electric 
arc  as  the  source  of  light.  An  eye-piece  with  adjustable  shutters  iso- 
lated the  wave  lengths  with  which  the  eye  was  fatigued. 

It  is  important  to  note  that  this  work  was  carried  out  in  a  room 
illuminated  by  diffused  daylight. 

The  reflex  curves  were  obtained  by  keeping  the  left  eye  in  a  state  of 
fatigue  with  the  particular  wave  length  whose  eft'ect  was  to  be  investi- 
gated, and  measuring  the  critical  frequency  of  flicker  with  the  right 
eye  for  which  the  normal  had  been  definitely  established.  Between 
readings   the  right  eye  w^as  kept  in   constant  daylight   adaptation. 

The  fatigue  curves  were  determined  by  fatiguing  the  right  eye  with 
the  desired  wave  length,  and  ascertaining  the  persistency  curve  with  it, 
the  left  being  always  maintained  in  daylight  adaptation. 
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It  is  thus  clear  that  all  the  persistency  curves  to  be  shown  were 
obtained  with  the  ri^'ht  eye  of  the  observer. 

In  each  I'ljjure  two  curves  are  plotted;  the  nurnuil  curve  for  the 
right  eye  is  shown  as  a  broken  line,  and  the  rellex  or  fatigue  curve 
is  shown  as  a  continuous  line.  At  the  bottom  of  each  ligure  the  same 
curves  are  rej>roduced  in  anoilur  form  by  making  the  normal  curve  a 
straight  line  ami  giving  it  an  arl)ilrar\'  \alue  of  100.  and  reducing  the 
fatigue  and  reflex  curves  in  the  >ame  jiroiiortioii.  The  wave  length  of 
the  fatiguing  color  is  indicated  by  a  .^horl  vertical  line  in  each  I'lgure. 

II.     Reflex  Curves 

First  to  be  considered  are  the  rellex  curws,  thai  is  the  curves  obtained 
by  the  right  eye  when  the  left  was  fatigued  by  a  delinite  wave  length. 
The  persistency  curves  taken  were  selected  to  represent  the  whole 
si)ectrum.  The  data  of  all  the  curves  discus.scd  in  this  section  are  given 
in  Table  1. 

The  effect  ])ro(lucc<l  ujion  the  right  eye  by  i>revenling  all  stimulation 
of  the  left  by  blindfolding  it.  was  rir>t  oblaineil.  The  curves  in  Tig.  1 
show  that  by  removing  all  stimulation  of  the  left  eye,  the  retina  of  the 
right  eye  reacts  more  sluggishly  than  normal,  with  the  result  that  the 
persistency  curve  lies  wholly  above  the  normal  with  the  same  physical 
spectrum,  indicating  that  its  j)hysiological  brightness  is  reduced  below 
its  normal  value.  It  is  evident  that  the  right  eye  is  rendered  less 
sensitive  to  the  wht)le  spectrum  by  removing  the  stimulation  produced 
upon  the  left  eye  by  diffused  daylight. 

Conversely,  when  the  left  eye  is  stimulated  by  white  light  more 
intense  than  dilTuscd  daylight,  e.g.  white  light  from  the  arc.  which  was 
used  in  this  experiment,  the  right  eye.  as  shown  by  the  persistency 
curves  in  I  ig.  2,  becomes  much  more  sen>itive  to  every  color  of  the 
spectrum,  and  there  is  in  consequence  dipnssion  of  the  whole  curve 
below  the  normal.  In  both  figures.  1,  and  2,  the  reduced  curves  show 
a  marked  threefold  division  corresj>onding  to  the  colors,  red,  green- 
yellow  and  violet. 

In  the  next  experiment  the  left  eve  was  fatigued  with  red  light  of 
wave  length  .687^.  The  curve  for  tne  right  eye  in  Fig.  3  i>  characterized 
by  three  depressions  below  the  normal,  which  are  better  shown  in  the 
reduced  curves  at  the  bottom  of  the  figure.  These  occur  in  the  regions 
corresponding  to  the  red,  green,  and  violet  colors.  The  depressions 
are  not  confined  to  tho'-^  colors  but  extend  into  the  surroundinu  regions 
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as  well.  The  conclusion  to  be  drawn  is  that  by  a  sensory  reflex  process 
the  effect  of  fatiguing  the  left  eye  with  red  light  of  wave  length  .687/z, 
was  transferred  to  the  right  eye,  and  there  resulted  in  an  enhancement 
of  the  brightness  of  three  spectral  regions.  The  three  depressions  are 
separated  by  two  points  at  about  .GAfx  and  .52/^  where  the  normal 
and  abnormal  curves  approximate  each  other.  The  curves  obtained 
when  the  wave  lengths  .660/x  and  .572/x  were  employed  as  fatiguing 
stimuli  are  shown  in  Fig.  4  and  Fig.  6,  respectively.  They  have  no 
depressions,  but  coincide  with  the  normal  curve  throughout  their 
length.  Allen^  has  named  these  wave  lengths  equilibrium  colors.  In 
the  paper  just  cited  Allen  found  the  second  equilibrium  color  at  .570;u, 
but  subsequently^  he  determined  it  more  exactly  at  .572)u. 

In  Fig.  5  is  shown  the  reflex  effect  of  the  yellow  color  .589pi.  This 
is  about  the  brightest  part  of  the  spectrum  and  gave  the  greatest 
reflex  effect  obtained,  i.e.  the  greatest  enhancement  of  the  red,  green, 
and  violet  sensations.  The  three  depressions  in  this  curve  are  well 
marked  and  the  coincidence  or  division  points  are  at  the  wave  lengths 
.50/x  and  .67^i. 

In  Figs.  7,  8,  and  9  are  shown  the  reflexes  obtained  with  the  fatiguing 
colors  .540^1,  ASOfj.,  and  .410/x,  respectively.  All  these  curves,  like  the 
above,  exhibit  the  usual  three  depressions,  indicating  enhancement  of 
the  three  color  sensations. 

From  a  consideration  of  the  above  curves,  it  is  evident  that  stimula- 
tion of  the  left  eye  by  any  color  has  but  one  effect  upon  the  retina  of  the 
right  eye,  viz.,  the  latter  is  so  altered  that  the  sensitiveness  of  the  three 
fundamental  color  sensations  is  increased.  The  equilibrium  colors  are 
exceptions  to  this  statement;  for  fatiguing  the  left  eye  with  these  pro- 
duces no  effect  upon  the  right  eye. 

One  striking  feature  especially  noticeable  is  that  while  the  luminosity 
of  violet  of  wave  length  .410^  is  about  one  seven-hundredth  of  that  of 
yeflow  .589/x,  the  depressions  produced  by  the  latter  color  are  but 
slightly  greater.  This  shows  that  the  magnitude  of  the  reflex  effect  is 
not  a  direct  function  of  the  physiological  brightness  of  the  stimulus. 

Only  two  of  the  equilibrium  colors,  .660;u  and  .572/x  were  verified. 
The  remaining  four  found  by  Allen^  at  the  wave  lengths  .520/i,  .505//, 
.480/i,  and  .425/x,  were  not  tried,  as  the  general  verification  of  his 
results  was  so  complete. 

2  On  Reflex  Visual  Sensations,  Loc.  cit.,  p.  610. 

3  Reflex  Visual  Sensations  and  Color  Contrast.    J.  O.  S.  A.  and  R.  S.  I.  7,  p.  921;  1923. 
*  J.  O.  S.  A.  and  R.  S.  I.,  7,  p.  61 1 ;  1923. 
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It  will  be  noticed  in  the  preceding  curves  that  while  fatigue  of  one 
eye  always  reflexly  enhances  the  perception  of  the  spectrum  in  the 
other  in  the  three  regions  red,  green,  and  ■  violet,  the  predominant 
enhancement  is  in  the  sensations  complementary  to  the  color  used  for 
fatigue. 

In  connection  with  these  reflex  effects  some  observations  by  Edridge- 
Grcen^  are  of  interest.  "When  one  eye  is  fatigued  with  a  spectral 
colour,  the  other  eye  being  kept  closed  and  covered  with  the  hand,  and 
then  the  eye  w^hich  has  been  fatigued  is  closed  and  a  white  surface 
viewed  with  the  unfatigued  eye,  this  appears  as  if  it  were  mixed  with 
the  colour  of  the  light  used  which  was  fatiguing  the  other  eye." 

In  these  observations  of  Edridge- Green  the  reflex  effects  of  fatigue 
transferred  from  one  eye  to  the  other  were  complicated  by  darkness 
adaptation  which  affects  the  different  sensations  unequally,  as  may  be 
seen  by  examining  the  curves  in  Figs.  1  and  10. 

Edridge-Green  also  directs  attention  to  the  possibility  of  error  arising 
from  comparing  observations  made  simultaneously  by  a  fatigued  eye 
and  by  the  other  which  is  assumed,  often  erroneously,  to  remain  in  its 
normal  condition. 

The  presence  of  these  reflex  effects  in  the  unfatigued  eye  may 
possibly  invalidate  some  of  the  observations  of  Burch  in  his  experiments 
on  fatigue.  In  one  of  his  papers^  he  thus  describes  his  method  of  making 
observations:  "I  then  exposed  my  eye  for  a  few  seconds  to  the  ex- 
tremely bright  light  in  the  focus  of  the  lens,  and  immediately  after- 
wards looked  through  a  single-prism  spectroscope  illuminated  by  the 
light  of  the  sky,  comparing  the  results  with  those  given  by  the  other 
eye,  which  had  not  been  exposed  to  the  light." 

Darkness  adaptation  of  and  reflex  effects  in  the  unexposed  eye 
may  easily  have  altered  the  appearance  of  colors  which  was  assumed 
by  Burch  to  remain  quite  normal. 

III.     Fatigue  Curves 

We  shall  now  consider  the  fatigue  curves,  or  the  persistency  curves 
obtained  by  the  right  eye  when  it  was  fatigued  by  colors  of  definite 
wave  lengths.  The  data  for  all  the  curves  in  this  section  are  given  in 
Table  2. 

As  in  the  reflex  curves,  it  was  decided  first  to  ascertain  the  effect  of 
darkness  adaptation  of  the  observing  eye.     This  condition  was  pro- 

*  New  Researches  in  Colour  \'ision,  Lancet,  p.  360;  1922. 

«  On  Artificial  Temporary  Colour  Blindness.    Phil.  Trans.  B.,  191,  p.  4;  1899. 
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duced  by  blind-folding  the  right  eye  and  removing  the  eye  shield 
only  while  a  reading  in  the  spectroscope  was  being  taken.  The  left 
eye  was  in  normal  daylight  adaptation,  which  was  the  case  with  all 
curves  described  in  this  section.  From  the  curve  in  Fig.  10  we  see  that 
the  absence  of  all  stimulation  from  the  right  eye  elevates  the  whole 
persistency  curve  above  the  normal,  indicating  that  the  physiological 
brightness  of  the  spectrum  is  diminished,  and  that  the  sensitiveness 
of  the  retina  for  all  color  impressions  is  depressed. 

If  this  curve  be  compared  wuth  that  in  Fig.  1  for  the  apparent  reflex 
effect  of  darkness  adaptation  of  the  left  eye,  the  two  will  be  observed 
to  be  similarly  elevated  above  the  normal.  The  direct  effect  of  darkness 
adaptation  of  the  retina,  and  the  transferred  effect  of  darkness  adapta- 
tion of  the  other  retina,  operate  in  both  cases  to  depress  the  sensitive- 
ness of  both  retinas  to  all  colors. 

The  converse  of  this  experiment  was  now  tried  by  subjecting  the 
retina  to  white  light  of  great  intensity  from  an  arc  lamp.  The  curve 
obtained  by  the  right  eye,  Fig.  11,  was  again  above  the  normal  in  all 
parts,  indicating  fatigue  of  all  three  sensations. 

It  is  to  be  observed  that  the  effects  of  darkness  and  bright  white 
light  upon  the  observing  eye  are  almost  identical.  Thus  we  see  that 
the  eye  is  best  adapted  for  the  perception  of  color  stimuli  in  diffused 
daylight;  and  that  its  power  of  perception  is  depressed  either  by  very 
strong  stimulation  or  by  the  absence  of  stimulation,  i.e.  by  darkness. 

The  curve  obtained  by  fatiguing  the  observing  eye  with  red  light  of 
w^ave  length  .687)u  is  shown  in  Fig.  12.  The  effect  produced  is  an 
elevation  or  fatigue  effect  in  the  part  corresponding  to  red;  and  two 
depressions  below  the  normal  indicating  reflex  enhancement  of  per- 
ception in  the  violet  and  green.  The  two  points  wdiich  almost  corre- 
spond to  the  normal  are  found  as  before  at  the  wave  lengths  .66/x  and 
.50m. 

The  right  eye  w^as  fatigued  in  turn  with  the  equilibrium  colors 
.660^  and  .572^.  The  curves  coincided  with  the  normal  like  those 
shown  above  in  Figs.  4  and  6.  This  indicates  that  fatigue  wdth  equilib- 
rium colors  produces  neither  depression  nor  enhancement  of  the  color 
sensations.  At  these  points  the  direct  and  reflex  effects  of  the  color 
stimulus  balance  each  other  with  the  result  that  the  normal  physiologi- 
cal brightness  of  the  spectrum  is  undisturbed. 

The  color  between  these  two  equilibrium  points  selected  for  the 
fatiguing  stimulus  w^as  the  wave  length  .589^.    The  resulting  persistency 
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curve,  in  Fig.  13,  is  characterized  by  two  prominent  elevations  in  the 
red  and  green,  and  a  depression  in  the  violet,  separated  from  each 
other  by  the  wave  lengths  .50/i  and  .66/x.  The  two  elevations  prove 
that  yellow  light  directly  affects  the  red  and  green  sensations,  and 
reflexly  the  violet.    Yellow  is  thus  seen  to  be  compound  in  its  nature. 

The  next  color  used  for  fatigue  was  green  of  wave  length  .540;u. 
The  effect  produced  by  this  color,  as  shown  in  Fig.  14,  is  a  fatigue 
elevation  in  the  part  corresponding  to  green,  and  reflex  depressions 
in  those  corresponding  to  red  and  violet.  The  three  parts  are  separated 
by  the  wave  lengths  .50/x  and  .66/x  as  before.  Green,  like  red,  is  a  simple 
sensation  and  therefore  fatigues  only  one  part  of  the  spectrum. 

The  effect  produced  by  blue  of  wave  length  .450/i  is  shown  in  Fig.  15. 
Two  fatigue  elevation^  are  caused  in  the  green  and  violet  regions  of  the 
curve,  and  a  reflex  depression  in  the  part  corresponding  to  red.  Blue, 
like  yellow,  is  therefore  shown  to  be  compound  in  its  nature. 

The  last  color  tried  was  violet  of  wave  length  .410ju.  The  curve  in 
Fig.  16  is  characterized  by  a  fatigue  elevation  in  the  part  corresponding 
to  violet,  and  two  reflex  depressions  in  the  parts  corresponding  to 
green  and  red,  which  are  separated  at  the  wave  lengths  .50/i  and 
.66/x.  As  in  the  case  of  red  and  green,  the  single  elevation  shows  violet 
to  be  a  primary  or  fundamental  sensation. 

In  measuring  the  critical  frequency  of  flicker  in  the  right  eye  when 
it  was  fatigued  by  very  bright  white  light,  observations  were  also 
made  by  slight  indirect  vision  upon  an  adjoining  area  of  the  retina. 
The  measurements,  in  Table  3,  are  shown  graphically  in  Fig.  17. 
The  curve  is  below  the  normal  in  all  parts,  showing  that  upon  the 
retinal  area  employed,  the  fatiguing  white  light  has  a  sensory  reflex 
effect  precisely  the  same  as  was  found  by  transference  from  one  eye  to 
the  other,  as  shown  in  Fig.  2.  This  proves  that  fatigue  upon  one  area 
of  a  retina  enhances  color  vision  in  adjoming  areas  by  reflex  action. 
The  curve  therefore  confirms  Allen's^  results  by  which  he  explained  the 
phenomena  of  contrast. 

IV.  '  Theoretical  Considerations 

In  the  first  series  of  reflex  curves,  stimulation  was  confined  to  the 
left  eye,  and  the  reflex  effect,  which  occurred  in  both  eyes,  was  isolated 
in  the  right.  We  are  justified  therefore  in  concluding  that  every  ray  of 
light  excites  in  the  visual  apparatus  reciprocal  or  reflex  effects  which 

'  Reflex  Visual  Sensations  and  Color  Contrast.    J.  O.  S.  A.  and  R.  S.  I.,  7,  p.  929,  1923. 
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enhance  the  physiological  brightness  of  the  three  parts  of  the  spectrum, 
red,  green,  and  violet. 

In  the  second  series  of  fatigue  curves,  the  elevations  are  the  algebraic 
sums  or  the  net  results,  of  fatigue  and  reflex  action,  the  balance  being 
in  favor  of  fatigue  in  the  sensation  or  sensations  directly  affected. 

Table  3.    Reflex  Curve  for  White  Light 
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Fig.  17 
R(fl(X  Curve  for  While  Lighl  on  Area  adjoining  faiigncd  Arra. 

The  de]-)ressions  indicate  tbc  ])arts  of  the  sped  rum  reflc.xly  enhanced. 
In  both  sets  of  curves  the  j  rcdominant  enhancement  occurs  in  the 
sensations  complementary  to  the  fatiguing  color. 
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With  this  conclusion  some  of  Burch's  experiments  on  fatigue  agree. 
IJurlridgc*  refers  briefly  to  these  by  saying  that  Hureh  found  the 
complementary  color  actua'ly  to  appear  more  \i\i(l  than  usual  after 
fatigue  with  any  color. 

In  the  paper  by  lUin  h,  lo  whiih  relirence  has  been  made  above." 
he  mentions  certain  observatiijns  made  in  his  flower  garden,  after 
fatiguing  his  eye  with  excessively  bright  colors  from  sunlight.  Only 
one  observation  is  quoted  here. 

"During  the  condition  of  j)urple-blindness  all  red,  j)uri)le,  or  blue 
flowers  look  nearly  black,  but  the  grass  appears  of  a  brilliant  rich  green, 
beside  which  its  color  to  the  normal  eye  is  dirty  by  comj)arison." 
It    will   be   remembered   that   i)urple   is   the  complementary  of  green. 

Afterward  in  continuing  his  experiments  on  spectral  colors  in  his 
laboratory,  Burch  concludes  that  "the  temporary  abolition  of  any  one 
color  sensation  is  without  elTcct  on  the  intensity  of  the  remaining  color 
sensations,  neither  increasing  nor  diminishing  them  unless  they  have 
been  to  some  extent  implicated  in  the  light  used  for  producing  color- 
blindness." 

In  the  first  experiments  Burch  was  in  his  garden  in  bright  daylight 
while  his  eye  was  being  fatigued;  in  the  second  he  was  in  his  dark 
laboratory.  In  daylight  he  found  the  complementary  of  the  fatiguing 
color  to  be  enhanced  in  brightness  as  the  quotation  on  the  elTecl  of 
j)urple-blindness,  for  example,  plainly  shows.  In  the  dark  laboratory, 
on  the  contrar\-.  the  complementary  color  was  unalTected. 

The  flrst  observations  conform  to  the  experimental  results  discussed 
in  this  paper.  Allen'"  has  shown  that  the  transferrable  elTect  of  dark- 
ness adaptation  from  one  eye  to  the  other  balances  and  thereby  conceals 
the  reflex  enhancement  of  the  complementary  of  the  fatiguing  color,  a 
result  which  ex])lains  the  negative  conclusions  of  Burch  from  his  second 
expi-riments. 

In  Bidwell's  e.xperimejU.''  by  which  he  showed  that  a  reil  color, 
viewed  intermittently  by  ri>tating  a  white  and  black  sectored  disk, 
loses  its  original  hue  and  appears  green,  we  have  a  vivid  example  of 
the  visibility  t)f  the  reflex  inhancement  of  the  complementary  color. 
The  speed  of  rotation  necessary  to  j)roduce  this  elTect  shows  lliat  the 

'  In  Starlinji's  "Human  Physiology"  (3rd  F.il.'\  p.  .^71. 
'  Set'  also,  Parson's  "Colour  \  ision,"  p.  1  Lv 
'"  On  Rftlc.v  \isual  Sensations,  Ux".  cit.  p.  607. 

»  Proc.  Roy.  Soc.,  61,  p.  269;  1896.     .Also  .\llcn,  On  Reflex  Visual  Sensations,  loc.  cit 
p.  619. 
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flash  of  red  light  stimulates  the  eye  for  from  0.015  sec.  to  0.02  sec, 
which  is  about  the  same  interval  of  time  as  that  of  the  most  rapid  motor 
reflex. 

But  before  the  enhancement  of  the  green  sensation  occurs,  the  red 
itself  becomes  much  brighter,  as  Bidwell  observed.  This  can  only  be 
interpreted  as  the  reflex  enhancement  of  the  red  sensation  which  takes 
place  in  a  shorter  interval  of  time  th^n  the  enhancement  of  the  green 
under  the  influence  of  red  light. 

This  effect  has  been  studied,  among  others,  by  Broca  and  Sulzer,^^ 
who  found  that  when  a  color  of  constant  intensity  falls  on  the  retina 
the  sensation  which  it  produces  does  not  attain  its  permanent  value 
immediately,  but  rises  rapidly  to  an  intensity  much  greater  than  the 
normal  to  which  it  then  similarly  falls.  In  the  case  of  red  the  over- 
shooting of  brightness,  as  it  has  been  called,  causes  that  color  to 
appear  about  twice  its  normal  brightness,  green  a  little  brighter  than 
normal,  and  blue  about  five  times  its  normal  intensity.  The  amount 
of  overshooting  depends  upon  the  luminosity  of  the  stimulus. 

The  curves  obtained  by  Broca  and  Sulzer  for  red,  green,  and  blue, 
are  reproduced  in  Fig.  18.  The  numbers  on  the  curves,  and  the  dotted 
horizontal  lines  on  the  right  side  of  the  figures,  indicate  the  final 
steady  values  of  the  colors  employed. 

From  these  it  is  seen  that  for  a  very  short  interval  of  time  the 
stimulus  is  unable  to  produce  a  sensation  of  brightness  equal  to  the 
normal  value.  The  intensity  curve  makes  a  sharp  bend  upward  until 
the  normal  value  is  reached  when  it  'overshoots'  rapidly.  These 
characteristics  are  shown  in  the  curves  for  all  three  colors. 

In  the  case  of  the  curve  for  blue,  the  first  inflection,  which  probably 
marks  the  beginning  of  the  reflex  enhancement,  occurs  in  0.0156  sec, 
which  is  about  the  value  Bidwell  found  for  the  development  of  the 
green  reflex  with  a  red  stimulus.  The  sensory  reflex  efiect,  as  we  have 
shown,  enhances  the  perception  of  color,  and  since  it  makes  its  appear- 
ance in  the  time  estimated  for  the  reflex  to  occur,  it  is  practically 
certain  that  the  overshooting  in  all  cases  is  due  to  the  initial  and 
almost  unopposed  reflex  enhancement  of  the  sensations. 

Now  the  reflex  enhancement  is  probably  of  a  constant  value,  but  the 
direct  fatigue  progresses  with  the  time  of  stimulation.  The  result  is 
that  up  to  0.054  sec,  in  the  case  of  blue  light,  the  reflex  enhancement 
preponderates  over  the  direct  fatigue,  and  after  that  the  direct  fatigue 

''■*  Comp.  Rend.,  2,  p.  1046;  1903.     Also  Luckiesh,  Color  and  its  Applications,  p.   139. 
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increases  above  the  reflex  effect,  and  the  physiological  brightness 
gradually  decreases.  In  0.25  sec.  (blue)  it  reaches  its  normal  value, 
that  is,  the  reflex  and  direct  elTects  maintain  a  definite  ratio  towards 
each  other. 
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Curves  showing  initial  Jevfiopntenl  of  red,  sreni,  and  bliu-  scnsalions.      (BriKa  and  Sulzcr.) 

The  curves  also  show  that  when  the  stimulus  is  sulTiciently  diminished 
in  intensity,  i>robably  at  some  critical  value  for  each  color,  the  opposing 
or  antagonistic  direct  and  relle.x  effects,  i.e.,  fatigue  and  enhancement, 
progress  together  in  such  a  manner  that  the  normal  brightnbss  is 
approached  without  overshooting. 

The  result  of  this  application  of  the  reflex  theory  is  twofold;  first, 
Broca  and  Sulzer's  curves  corroborate  the  reflex  time  as  computed 
from  Bidwell's  eflect;  seconil,  it  alTords  an  explanation  of  the  overshoot- 
ing of  sensations  which  hitherto  has  been  lacking. 
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The  results  discussed  in  this  communication  are  experimental  and 
therefore  quite  independent  of  any  theory.  The  uniform  threefold 
character  of  the  elevations  and  depressions  in  the  curves  confirms  the 
trichromatic  nature  of  color  vision.  The  color  theory  of  Young  and 
Helmholtz,  when  enlarged  by  the  addition  of  Allen's  principle  of  the 
reflex  enhancement  of  sensations  or  the  sensory  reflex,  is  quite  in 
harmony  with  the  facts  disclosed  by  the  curves. 

This  communication  forms  part  of  a  series  of  investigations  relating 
to  Color  Vision  and  the  physiology  of  the  receptor  end-organs  now  in 
progress  in  the  Department  of  Physics  of  the  University  of  Manitoba, 
under  the  direction  of  Professor  Frank  Allen,  and  with  the  financial 
assistance  of  the  Honorary  Advisory  Council  for  Scientific  and  Indus- 
trial Research,  Ottawa. 

I  desire  to  express  my  thanks  to  Professor  Allen  for  the  use  of  his 

apparatus  and  for  his  suggestions  in  connection  with  the  work. 

Department  or  Physics, 
Uxi\ERSiTY  OF  Manitoba, 
Winnipeg,  Canada. 
January  9,  1924. 
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TRU  IIRO>L\TIS.M 

IJV  W.  A.  AM'URKOJi 

svxorsjs 

Sec.  I.  Introduction. — Tliis  contains  .i  brief  siiianuiry  of  tlio  jirinciple  of  reflex  visual 
•■'  ■;  as  discovered  by  Allen.    Tlie  aullior,  whose  virion  is  somcv. Iiat  abnormal,  sets  out 

I..  ..v^.  ...line  the  character  of  these  reflexes  for  iiis  ai)nor!n;il  virion 

Sec.  II.  Apparatus  and  Metliod.'--  of  Measuronient.~.\ll  exi>eriments  v.ere  p?rformed  in 
a  daylight  room,  using  the  critical  fret^uency  of  llicker  ineth<Ki.  The  n-sulls,  which  arc 
quantitative,  were  obtained  by  making  measurements  on  pure  '  colors. 

Sec.  III.     Normal  Curves. — AI)normal  vision  is  shown  by  l .  ter  of  the  jjcrsistency 

curve,  taken  under  normal  condition?  «>f  da)  light  adapl.ttion.  Thv.  t\T»e  of  tui  ve,  which  was 
found  to  be  the  same  for  both  eyes,  is  compared  with  one  for  normal  vision  and  one  for  partial 
red  color  blindness. 

Stc.  IV.  Relle.x  Curves.^ — This  contains  the  descriptions  and  results  of  experiments 
carried  out  by  fatiguing  the  left  eye  and  making  measurements  of  the  changes  in  the  visual 
response  of  the  right  to  light  from  tlic  diiTcrcnt  parts  of  the  si'ectrum. 

The  nature  of  any  change  in  the  response  was  always  found  to  be  an  cnlianccmcnt  of 
brightness  of  the  atTected  colors.  Red  and  green  v.vre  f<  und  to  be  more  susce-ptiblc  to  this 
reflex  enhancement  than  the  \ioIet.  Certain  c<il(.rs,  .6</t/j,  .5f).v.  425/i,  and  the  entire  region 
520^  to  .480/i,  showed  no  reflex  transferred  ti>  the  other  c_\e.  The  magnitude  of  the  reilcx  was 
greatest  frr  fatiguing  colors  near  the  ends  of  the  spectrum.  The  etTect  of  dark  adaptation  was 
also  transferred  to  the  other  eye  similarly  to  fatigue. 

Sec.  v.  Fatigue  Curves.— -This  contains  descriptions  and  results  of  experiments  in  which 
the  measurements  were  made  on  the  fatigued  c} e,  tiie  other  being  always  in  daylight  adap- 
tation. 

It  was  found  that  the  red  sensation  was  verj-  dilTicult  to  fatigue,  but  very  susceptible  to 
enhancement.  The  violet  showed  tiie  rc\erse  character,  ami  the  green  an  intermediate 
!  -ition.  No  efljct  was  obtainetl  for  fatigue  colors,  .665/i.  .5S9m,  .570/i,  and  only  a  small 
eUcct  for  .520/1.  The  effects  of  darkness  and  strong  white  liglit  arc  very  similar,  both  showing 
fatigue  characteristics. 

Sec.  VI.  The  Theoretical  Considerations. — The  experimental  results  show  iJiat  every  ray 
of  light  produces  both  a  dirt(  t  and  a  rellex  effect  upon  all  thrtv  fundamcntiU  sens;itions,  which 
are  shown  to  be  red,  green,  ami  violet.  The  author's  type  of  color  \  ision  is  shew  n  to  be  that  of 
an  anomalous  trichromat,  and  experimental  evidence  is  apijlied  to  give  a  fuller  meaning  to 
the  phenomenon  as  well  as  to  explain  it.  The  principle  of  visual  relieves  is  applied  to  the 
Young  1 1  '    '    '  1  Ilering  theories  to  show  that  th.  two  can  no  longer  be  regarded  as  rival 

tliciirii  <.  ' !:.irir..  i!ii/.ii!  li\'  t!.!-,  :i.'"inLiplc. 

i.      iNTKODUCTION 

In  rcccnl  investigations  by  Allen,*  abundant  experimental  evidence 
has  been  brought  forth  establishing  a  new  principle  of  color  vision,  the 
application  of  which  to  the  Voung-IIelmholtz  theory  olTers  simple  and 
satisfactory  e.xiilanations  of  many  of  the  phenomena  of  color  perception, 

» J.  O.  S.  A.  &  R.  S.  I..  7,  p.  5S3;  192.V 
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which  were  admittedly  inexplicable  on  the  basis  of  the  trichromatic 
theory. 

His  results  show  that  the  effect  of  fatiguing  a  given  area  of  one  retina 
with  any  spectral  color,  except  an  equilibrium  one,  is  to  lower  the 
luminous  response  of  that  area  to  colors  corresponding  to  the  sensations 
directly  affected  by  the  fatiguing  stimulus,  and  to  enhance  its  response 
to  colors  exciting  chiefly  the  complementary  sensations.  However, 
when  the  colors  are  received  upon  a  portion  of  the  retina  adjoining  the 
fatigued  area,^  or  by  the  retina  of  the  other  eye,  the  physiological 
luminosity  of  the  entire  spectrum  is  enhanced.  Thus  the  conclusion  is 
drawn,  that  every  ray  of  light  produces  two  effects,  a  direct  and  a  reflex. 
In  the  stimulated  area  of  the  retina,  the  direct  action  fatigues  either  one 
or  two  of  the  fundamental  sensations,  according  as  the  color  stimulus  is 
simple  or  compound  in  its  nature;  the  reflex  effect  enhances  the  lumi- 
nous response  of  the  remaining  complementary  sensations.  It  is 
further  concluded  that  the  reflex  is  transferred  to  the  adjoining  areas  of 
the  same  retina,  and  also  to  the  other  eye,  in  such  a  way  as  to  enhance 
all  three  sensations. 

The  author  of  this  paper  set  out  to  repeat  some  of  these  observations 
but  immediately  discovered,  from  the  character  of  his  normal  persist- 
ency curve,  that  his  perception  of  light  and  color  is  somewhat  abnormal. 
It  was  therefore  of  interest  to  determine  the  character  of  these  direct 
and  reflex  actions  of  light  for  one  of  abnormal  vision. 

11.     Apparatus  and  Methods  of  Observation 

The  apparatus  used  and  the  method  adopted  was,  in  most  respects, 
the  same  as  that  employed  by  Allen.  For  the  purpose  of  measurement 
the  apparatus  was  essentially  the  same  as  that  originally  devised  by 
E.  L.  Nichols.^  The  source  of  light  was  an  acetylene  flame,  for  which 
the  gas  was  supplied  at  a  constant  pressure.  The  light  was  focused  upon 
the  slit  of  the  collimator  of  a  Hilger  spectrometer,  fitted  with  four  prisms 
equivalent  to  three  of  sixty  degrees  each.  This  gave  a  spectrum  of 
considerable  dispersion,  narrow  strips  of  which  could  be  isolated  in  a 
shutter  eyepiece.  Between  the  acetylene  flame  and  the  condensing 
lens  an  aluminum  disk  with  two  opposite  open  sectors  of  ninety  degrees 
each  was  rotated.  The  speed  of  rotation,  which  was  regulated  by  means 
of  a  brake,  was  electrically  recorded  upon  a  chronograph.  The  gas 
flame  was  enclosed  on  all  sides,  except  the  top,  in  a  wooden  box  fitted 

2  J.  O.  S.  A.  &  R.  S.  I.,  7,  p.  913;  1923. 
»  E.  L.  Nichols,  Am.  Joui,  Sci.,  28;  1884. 
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with  a  small  glu5=  window  which  transmitted  the  light  to  the  spectrom- 
eter. This  box  served  two  purposes,  hrsl,  in  preventing  the  air 
currents,  j)rocluced  by  the  rotating  disk,  from  affecting  the  flame,  and 
seconti,  in  shielding  the  light  from  the  observer's  eyes.  The  spectrom- 
eter was  jiroperly  screened  from  all  e.xtraneous  light,  and  a  shield, 
closely  litting  about  the  eye,  was  attached  to  the  eyepiece,  thus 
enabling  all  measurements  to  be  made  under  exactly  the  same 
conditions. 

The  si)ectrum  used  for  fatiguing  the  eye,  in  the  case  of  nea: 
retlex  and  also  for  some  of  the  fatigue  curves,  was  obtained  from  an  arc 
light  by  means  of  a  two-j)rism  Browning  spectrometer.  A  narrow  but 
tjuite  long  rectangular  i)atch  of  the  spectrum  was  isolated  by  the 
shutter  eyepiece.  The  spectrum  was  so  intense  that  the  colors  in  the 
midille  portions  of  it  approached  whiteness  in  appearance.  For  the 
majority  of  the  fatigue  curves  a  constant  deviation  Hilger  spectrom- 
eter was  employed  to  furnish  the  fatiguing  color.  With  this  instru- 
ment the  source  of  light  for  the  blue  and  violet  was  always  the  electric 
arc.  and  for  the  rmiainder  of  the  fatiguing  colors,  sometimes  the  arc 
was  used,  and  at  other  times  an  incandescent  bulb,  which  i)ri>duced  a 
red  of  about  the  same  intensity  as  that  of  the  arc  spectrum.  The  use 
of  the  Jlilger  spectrometer  and  incandescent  bulb  maile  a  more  con- 
venient arrangement  of  the  ajiparatus,  enabling  measurements  to  be 
made  within  a  few  seconds  after  remo\ing  the  eye  from  the  fatiguing 
color. 

While  fatiguing  one  eye,  or  making  measurements,  which  was  always 
done  with  the  right,  the  unused  eye  was  directed  at  a  neutral  grey 
surface  about  ten  inches  away.  Sometinus.  when  recording  c»bserva- 
tions  on  the  dim  ends  of  the  sj)ectrum,  the  left  eye  was  closed  for  a  few 
seconds,  which  did  not  exceed  half  a  minute.  Xo  dilTerence  could  be 
detected  in  the  time  of  the  critical  fre(|Uency  of  flicker,  as  rect)rded  for 
the  brighlir  jjarts  of  the  sj)ectrum  when  the  left  eye  was  closed  for  a 
few  seconds,  and  it  was  assumed  that  the  time  was  unaflected  for  the 
dim  colors. 

All  the  apparatus  was  mounted  in  a  room  well  illuminated  with  day- 
light. -Measurements  were  not  attempted  if  it  was  loo  cloudy  or  dull 
or  towards  sunset,  and  never  with  artificial  lighting,  for  Allen  has  shown 
that  ilim  light  and  darkness  tend  to  obscure  the  reflex  action  of  light. 

The  rotating  sectored  disk  i)roduced  a  flickering  sensation  in  the 
isolated  initch  of  the  spectruin,  due  to  the  rapiil  succession  of  cc^ual 
intervals  of  color  anil  darkness.    After  adjusting  the  speed  of  the  motor 
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until  the  flicker  was  just  imperceptible,  the  chronograph  was  started, 
and  while  the  record  was  being  made,  which  required  about  half  a 
minute,  the  speed  of  the  disk  was  varied  slightly,  keeping  the  flicker 
just  on  the  point  of  appearing  and  disappearing.  At  least  two  inde- 
pendent records,  representing  the  time  of  120  and  400  revolutions  of 
the  disk,  were  made  for  each  point,  and  if  these  did  not  show  good 
agreement  more  readings  were  taken.  So  constant  were  the  conditions, 
that  the  independent  records  gave  values  for  the  duration  of  a  single 
flash,  at  the  critical  frequency  of  flicker,  with  a  variation  seldom  greater 
than  0.0002  sec,  ex-cept  for  points  in  the  dim  ends  of  the  spectrum. 
The  values  used  in  plotting  points  in  the  bright  parts  of  the  spectrum 
were  means  of  usually  two  or  three  independent  measurements,  and 
for  the  extreme  violet  and  red  the  mean  of  about  four  readings  was 
taken. 

These  experiments  stretched  over  an  interval  of  about  fifteen 
months,  most  of  the  work  being  done,  however,  during  the  first  three 
and  the  last  five  months.  The  curves  were  not  necessarily  taken  in 
the  order  presented  in  this  paper,  although  nearly  all  of  the  reflex  curves 
were  completed  during  the  first  three  months  and  before  any  fatigue 
curves  were  attempted. 

III.     Normal  Curves 

In  making  measurements  for  a  normal  curve,  the  following  pro- 
cedure was  adopted.  The  spectrometer  was  set  so  that  the  shutter 
eyepiece  isolated  a  narrow  rectangular  patch  of  the  spectrum,  the 
mean  wave  length  of  which  was  known.  The  spectral  color  was 
observed  by  the  right  eye,  while  the  speed  of  the  disk  was  regulated 
to  give  the  critical  frecjuency,  which  was  then  recorded.  Care  was 
taken  to  fixate  the  color  directly,  and  to  prevent  the  eye  from  wandering 
while  judging  the  point  of  critical  frequency.  The  eye  was  then  rested 
for  a  minute  or  two,  and  a  second  chronographic  record  made  on  the 
same  portion  of  the  spectrum.  Between  the  measurements  made  on 
dift'erent  points  in  the  spectrum  the  eye  was  rested  in  the  diffuse  day- 
light of  the  room  for  from  five  to  ten  minutes,  according  to  the 
brightness  of  the  spectral  color.  Since  the  spectrum,  upon  v.diich  all 
measurements  were  made,  was  not  very  brilliant,  and  the  time  required 
to  record  one  reading  about  half  a  minute,  the  eye  was  not  likely  to 
become  appreciably  fatigued.  In  this  way,  observations  were  made  on 
fifteen  or  more  points  of  the  spectrum. 
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The  persistency  curves,  obtained  by  plotting  wave  lengths  as 
abscissae  and  the  persistence  of  vision  as  ordinates,  show  that  the 
duration  of  these  light  imjjulses  varies  as  some  inverse  function  of  the 
luminosity  of  the  color  observed.  It  was  discovered  by  Ferry,*  and 
subsequently  in  another  manner  by  Porter.-"  that  the  duration  of  the 
sensation  of  undiminished  brightness  of  a  llash  of  light,  at  the  critical 
frecjuencv  of  tlicker.  fiepeiuls  only  on  the  luminosity  <jf  the  light  and  in 
no  way  on  the  wave  length.    The  Terry-I'urler  law,  as  it  is  known,  is 

represented  bv  the  e(iualiun,  I)  = where  I)  is   the  persist- 

*  •  /'logA-f^., 

ence  of  vision.  L  the  luminosity,  ami  k  and  k\  two  constants.  Accord- 
ing to  this  law.  a  lowering  of  the  persistency  curve  may  be  interpreted 
as  an  increase  and  an  elevation  as  a  decrease  in  the  luminosity  of  the 
spectrum  as  perceived  by  the  eye. 

Considerable  dilliculty  was  e\'])erienced  at  lir>l  in  obtaining  a  satis- 
factorv  normal  curve.  The  author  was  not  aware  that  his  vision  was 
abnormal  in  any  way,  and.e.KjKCted  to  get  a  smooth  curve  as  obtained 
by  other  observers  of  normal  vision.  After  every  set  of  readings,  the 
curve  proved  to  be  irregular  between  .>^)ix  and  .66/i,  and  it  was  thought 
for  a  lime  that  this  was  due  to  the  writer's  inexperience  in  making  such 
measurements.  The  readings  were  repealed  again  and  again,  the 
greatest  care  being  taken  to  make  correct  observations,  yet  a  smooth 
curve  was  never  obtained  through  this  region.  After  two  weeks  of 
strenuous  work  and  several  huiuireil  nuv.surements  the  writer  was 
forced  to  realize  that  his  color  vision  was  not  completely  normal.  The 
normal  curve  was  luially  plotteil  showing  the  abnormal  elevation 
between  .59/i  and  .(>()/j.  the  exact  character  of  which  was  accurately 
determined  by  making  observations  on  several  additional  points  in 
this  part  of  the  spectrum. 

Another  (liiriculty  experienced  in  obtaining  a  satisfactory  normal 
was  the  gradual  lowering  of  the  entire  curve  as  the  constant  re  reading 
of  points  continueil  from  day  to  day.  This  gradual  depression  of  the 
curve,  which  was  most  pronounced  during  the  first  three  weeks  and 
before  a  satisfactt)ry  normal  was  obtained,  continued  to  drop  very 
slowly  for  several  weeks  more.  The  phenomenon  apj>ears  as  one 
peculiar  to  the  author  himself,  for  three  other  observers,  using  the 
same  aj^jKiratus  and  working  untler  the  same  conditions  for  sevr'l 

«  Am.  Jour  Sci.  41   1S<)2. 
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months,  did  not  experience  it.  One  observer  was  noticeably  color 
deficient  in  red,  while  the  other  two  were  of  normal  color  vision  and 
obtained  almost  identical  persistency  curves.  Because  of  this  gradual 
lowering  of  the  normal  the  readings  were  repeated  every  few  days,  and 
if  any  appreciable  change  had  taken  place  the  fatigue  or  reflex  curves, 
taken  since  the  last  normal  observation,  were  discarded.  It  was  found, 
however,  after  about  one  month's  work  that  the  normal  remained 
almost  constant.  During  continuous  work  from  week  to  week  the 
change  in  the  normal,  if  any,  was  always  a  general  lowering  and  never 


Table 

1  Norma 

/  Curves 

Normals  for  Right  Eye 

Normal 

Normal 

Normal 

X 

First 

Second 

Third 

Left  Eye 

For  F.  A. 

For  A.  H. 

Sec. 

Sec. 

Sec. 

Sec. 

Sec. 

Sec. 

.740m 

0.0329 

0.0309 

0.0301 

0.0303 

0.0335 

0  0386 

.720 

.0277 

.0256 

.0249 

.0253 

.0287 

.0316 

.700 

.0247 

.0206 

.0199 

.0198 

.0244 

.0266 

.680 

.0171 

.0158 

.0162 

.0229 

.660 

.0165 

.0153 

.0142 

.0140 

.0174 

.0182 

.640 

.0158 

.0148 

.0136 

.0133 

.0160 

.620 

.0144 

.0138 

.0125 

.0126 

.0152 

.0147 

.590 

.0137 

.0125 

.0111 

.0113 

.0148 

.0133 

.570 

.0130 

.550 

.0142 

.013 

.OU'-^ 

.0121 

.0155 

.0131 

.530 

.0152 

.0141 

.0126 

.0129 

.0165 

.0133 

.500 

.0178 

.0166 

.0150 

.0156 

.0209 

.0163 

.480 

.0210 

.0200 

.0187 

.0191 

.0255 

.0191 

.470 

.0280 

.460 

.0233 

.023 

.023 

.450 

.0298 

.0276 

.0336 

.0257 

.440 

.0307 

.0300 

.031  ; 

.0287 

.420 

.0416 

.0.396 

.0404 

.0423 

.0431 

.037? 

the  reverse.  However,  on  resuming  the  work  after  an  interval  of  seven 
months,  the  normal  had  slightly  raised,  but  came  back  to  its  original 
position  after  working  for  a  week.  In  the  second  column  of  each  table 
of  data  are  given  the  readings  of  the  normal  curve  against  which  the 
following  reflex  or  fatigue  curves  are  plotted. 

Fig.  1  represents  three  stages  in  the  lowering  of  the  normal  curve, 
the  data  of  which  are  given  in  Table  1.  The  first  normal  plotted  was 
that  obtained  after  one  week  of  steady  work,  the  second  after  two  weeks, 
and  the  third  is  the  final  curve  which  remained  almost  constant  during 
the  last  five  months.  In  Fig.  2  the  author's  final  normal,  marked 
W.  A.  A.,  is  plotted  with  two  other  normals  obtained  by  experienced 
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observers,  whi)  ust(|  tin-  sanu'  apparatus  an<l  worked  un<lrr  the  same 
conditions.  The  curve  marked  V.  A.  i>  Allen's  n«»rmal  which  is  almost 
identic  ally  tiie  same  as  obtained  later  by  M.  S,  ll<»llenber[(.    The  third, 
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markeii  A.  II..  is  that  of  .\.  Jli»llenl)iTg,  wliose  color  visii>n  is  noticeably 
delicicnt  in  the  red.     A  comparison  of  the  aulhi»r's  persistency  curve 
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with  the  normal  type,  as  obtained  by  Allen,  indicates  that  the  former's 
eye  is  much  more  sensitive  to  light  of  all  wave  lengths,  the  maximum 
difference  being  in  the  green  and  the  minimum  in  the  orange.  As  shown 
hy  Allen,^  color  deficiency  is  revealed  by  those  portions  of  the  persist- 
ency curve  elevated  above  the  normal  type.  This  is  well  illustrated  in 
A.  Hollenbcrg's  curve,  which  shows  alhiost  complete  coincidence  with 
the  writer's  throughout  the  violet  and  blue,  but  is  greatly  elevated, 
even  above  the  norm.al  type,  in  the  yellow,  orange  and  red. 

At  the  close  of  the  research  a  normal  curve  for  the  left  eye  was  taken. 
This  curve,  plotted  against  the  final  normal  for  the  right  eye  is  shown 
in  Fig.  3.  It  will  be  observed  that  it  is  of  the  same  character  as  that 
for  the  right  eye,  the  slight  deviation  being  probably  due  to  the  fact, 
that  the  left  eye  was  unaccustomed  to  taking  readings.  The  data  for 
all  the  normal  curves  discussed  above  arc  given  in  Table  1. 

IV.     Reflex  Curves 

All  curves,  plotted  from  results  obtained  by  fatiguing  the  left  eye 
and  then  making  measurements  on  the  spectrum  with  the  right,  are 
called  reflex  curves.  The  procedure  was  similar  to  that  used  to  obtain 
a  normal  curve,  except  that  the  left  eye  was  first  fatigued  for  three 
minutes  with  the  given  spectral  color.  Care  was  taken  in  fatiguing  the 
eye  to  fixate  on  the  centre  of  the  patch  of  color  and  to  prevent  the  eye 
from  wandering.  The  interval  elapsing  between  the  removal  of  the 
eye  from  the  fatiguing  color  and  the  commencement  of  the  chrono- 
graphic  record  was  from  15  to  30  seconds,  while  the  time  required  to 
complete  the  record  was  about  another  30  seconds.  Since  the  left  eye 
was  fatigued  for  three  minutes  before  every  reading,  and  the  time 
elapsing  from  one  period  of  fatigue  to  the  next  seldom  longer  than  a 
minute  and  a  half,  the  eye  was  under  almost  continuous  fatigue.  The 
readings  for  an  entire  curve  were  usually  taken  at  one  session  of  two 
and  a  half  to  three  hours.  Any  readings  which  were  obviously  inaccu- 
rate were  repeated  a  few  hours  later,  or,  as  was  often  the  case,  the  next 
day.  At  least  two  or  three  hours,  and  usually  one  night,  intervened 
between  the  taking  of  readings  for  tv;o  different  fatiguing  colors.  In 
each  figure  two  curves  are  plotted  together  to  the  same  scale,  one,  the 
normal  or  reference  curve,  which  throughout  is  shown  as  a  dashed  line, 
the  second,  the  reflex  curve,  drawn  as  a  continuous  line.  The  coinci- 
dences and  divergences  of  the  reflex  and  normal  curves  show  the  effect 

«Phys.  Rev   //,  p.  257;  1900. 
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of  the  falij^uing  color  in  llu-  lift  lvc  upon  llu-  physioloj^ical  luminosity 
of  ihu  spectrum  as  perceivctl  by  ihi-  right. 

'ilu-  tkviiilion  of  the  reflex  curve  from  the  normal  is  shown  in  another 
manner,  at  the  bottom  of  each  ligure,  by  giving  an  arbitrary  value  of 
100  to  all  points  in  the  normal  curve,  and  reducing  the  reflex  curve  in 
proportion.     '1  lu   data  for  'ic  reflex  curses  are  gi\en  in  Tables  2,  i 

and  I.    The  fatiguing  color  used  is  marked  at  the  bott«jm  of  the  figures 
by  an  arrow. 

Tablk  2     Krj:     ' 


\ 

\t:rmal 

.6  7/1 

.670/i 

WjO/i 

589,1 

570p 

Sec. 

Sec. 

Sec. 

Sec. 

^^^7 

Str. 

.  75()/i 

0  0.v?5 

0.0.>(K) 

0  0.>08 

0  0336 

0  O.MO 

0  0.540 

.740 

o.«w 

.0277 

.  02^-1 

.0308 

.0313 

0303 

720 

.02,>6 

02,?6 

.(244 

.02M) 

02^6 

.0255 

.7(X) 

.0206 

.UV>1 

.0201 

.0208 

0205 

.0216 

680 

.0171 

.0165 

.0167 

.0170 

01  (j9 

O170 

(M) 

.015.> 

.0140 

.0152 

oi.-.o 

0149 

.014i 

640 

0148 

.0140 

.0140 

0144 

.01.59 

01,58 

.  620 

.Ol.W 

.01.>2 

. 01.^1 

0132 

.012<> 

O150 

.5W 

.012.^ 

.0117 

.0120 

.0125 

0120 

0119 

..S50 

.01.>0 

.0124 

.0125 

0129 

0125 

(1125 

.5.>0 

.0141 

.0KS3 

()1.V> 

.0140 

.0134 

0133 

.  5(H) 

.OK/) 

.OKjO 

.0166 

.0165 

0165 

0160 

.480 

.02(K) 

.Ol'M 

0205 

0201 

0200 

.0200 

.  4.^0 

.027f) 

.0266 

.027.? 

.027') 

.0274 

0276 

.4-10 

.0.>07 

.02S7 

.(MO.? 

.0312 

0.?0S 

.031  . 

AM) 

.0350 

.{)M7 

.(H52 

.0.?69 

()346 

.0354 

420 

OMXi 

O.UO 

.0105 

CMOS 

.0.590 

(MOl 

The  result  of  fatiguing  the  left  eye  with  wave  length  .6S7^  is  shown 
in  Fig.  4.  The  entire  curve  is  depressed  below  the  normal,  the  depres- 
sions being  greatest  in  the  two  ends  and  middle  of  the  sj>eclrum,  and 
least  at  the  two  jioints,  about  wave  lengths  .>()n  and  .66  fi,  which 
approximate  the  normal  curve.  It  is  evident  that  the  elTect  of  fatigue 
on  the  left  eye  has  had  a  reflex  elTect  upon  the  right,  resulting  in  the' 
enhancement  of  the  physiological  brightness  of  the  entire  spectrum. 
Fig.  5,  which  shows  the  result  when  the  fatiguing  color  was  .670pi, 
indicates  an  enhancement  from  the  extreme  red  to  .50p.  and  coincitlence 
at  .66^  and  from  ..>(Vt  to  the  \i(>let  end.  W  lu  !i  wave  length  .CtdOfi  was 
used  to  fatigue  the  eye,  the  reflex  curve.  Tig.  6.  agrees  closely  with  the 
normal  in  nearly  all  points,  except  for  a  .slight  dei)re.ssion  in  the  orange, 
and  a  small  elevation  in  the  extreme  violet,  which  may  be  partly  due  to 
the  dilViculty  oi  making  accurate  measurements  in  this  dim  region  of 
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the  spectrum.     It  is  quite  probable  that  some  color  close  to  .660^t, 
such  as  .663jLi  or  .665ijl,  might  be  found  to  give  a  more  complete  coin- 
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cidcnce.    Wave  length  .660/^  is  one  of  the  equilibrium  colors  discovered 
by  Allen,'  which  shows  no  reflex  enhancement  in  the  other  eye. 

'  Phil.  Mag.  3S,  p.  55;  1919.    Also  J.  O.  S.  A.  7,  p.  583;  1923. 
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'J'he  reflex  curve  for  a  fatiguing  color  of  .58'V,  Fig.  7,  shows  a  further 
reduction  in  the  extent  of  reflex  enhancement,  as  compared  with  Figs.  4 
and  5.  The  enhanced  elTect  is  conlmed  to  the  middle  part  of  the  spec- 
trum between  wave  lengths  .51^  and  .66/i,  while  the  remainder  of  the 
curve  coincides  with  the  nttrmal.  Tlie  transferred  reflex  enhancement 
for  fatigue  color  .57(V,  as  shown  in  Fig.  8,  is  very  similar  to  that  for 
.589^,  except  that  the  amount  of  enhancement  in  the  orange  is  a  little 
greater.  Since  wave  length,  .570^,  anolhrr  of  the  equilibrium  colors 
discovered  by  Allen,  did  not  give  the  same  result  for  the  writer,  another 
color  near  to  it  was  tried,  namely,  .5()5/i.    This  proved  to  be  an  almost 

T.ABLE  3.     Rfllcx  Curves 


X 

Normal 

.565,1 

.535m 

.520m 

.410^ 

Sec. 

Sec. 

Sec. 

Sec. 

Sec. 

.740;i 

0  0293 

0  0291 

0  0265 

0  02% 

0  0256 

.  720 

.02M 

.023 

.0222 

.0238 

.0212 

.700 

UVX) 

.01S8 

.0181 

,01'W 

.0174 

.68(J 

.0162 

.0160 

.0155 

.0163 

.0150 

.660 

.0142 

()14.? 

.0142 

.0141 

.0138 

.MO 

.01,>6 

.01. -6 

.0135 

.0134 

.0129 

.620 

.0127 

.0126 

.0128 

.012 

0116 

.5'H) 

.0113 

.0113 

.0109 

.0114 

.0108 

.550 

.0120 

0120 

.0116 

01  :o 

.0111 

.5.>0 

.0127 

0129 

.0125 

.0129 

.0120 

.500 

.0151 

.0150 

.0152 

.0152 

0151 

.4X0 

.0I7S 

.0175 

.0177 

0180 

.0180 

.460 

.0224 

.0223 

.0228 

0225 

.0208 

.440 

.02W 

02')7 

.0M)6 

.O.?02 

.02^)6 

.420 

03> 

.0376 

0389 

.0366 

{)erfect  equilibrium  color,  as  shown  in  Fig.  9.  The  reflex  curve  for 
.535n,  as  plotted  in  I'ig.  10,  shows,  like  some  of  the  previous  curves,  an 
enhancement  in  the  red  and  yellow-green,  and  coincidence  with  the 
normal  from  .50/i  to  the  end  of  the  violet.  It  ililTers  from  the  other 
reflex  curves  by  showing  coincidence  in  the  region  correspomling  to 
the  abnormal  j^art  of  the  reference  curve,  which,  however,  includes  .66^. 
All  fatigue  colors  chosen  from  the  si>ectrum  between  wave  lengths 
.520/i  and  .4S0/n  resulted  in  giving  good  ecjuilibrium  curves  very  similar 
to  Fig.  9.  Curves  for  the  following  wave  lengths  were  obtained, 
.520^,  .5LV,  .505/i,  .49.^/li,  and  .48()/i,  the  data  for  which  are  given  in 
Tables  3  ami  4,  but  the  curves  themselves  are  not  reproduced  in  this 
paper  since  they  resemble  closely  Fig.  9.  In  this  part  of  the  spectrum 
Allen  found   three  equilibrium  colors,   .52l)yi,  .505/i  ajid  .480/i,  while 
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wave  lengths  .513/^  and  .495ju  gave  small  reflex  enhancements.  Since 
most  of  the  transferred  reflex  effects  obtained  by  the  writer  are  smaller 
than  those  shown  by  Allen's  curves,  it  is  quite  probable  that,  if  any 
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reflex  action  is  produced  by  cither  .513/x  or  .495^1  in  the  writer's  eye, 
it  is  too  small  to  be  detected. 
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'J  he  rcllex  curve  for  wave  Icnj^lh  .450/i  as  shown  in  I'ig.  11.  reveals  a 
decided  enhancement  throughout  the  entire  spectrum.  'I'he  elTect  is 
most  pronounced  in  the  retl,  and  least  again  about  .5Ufi  and  .66p. 
It  may  be  observed  that  most  of  the  relkx  curves  tend  to  coincide  with 
the  normal  at  these  two  points,  which  Allen  has  called  "coincidence 
points."  When  wave  length  AlOfx  was  used  to  fatigue  the  eye  a  small 
reflex  enhancement  was  obtained,  as  shown  in  I'ig.  12,  but  when  .425^ 
was  tried  the  reflex  curve  coincided  throughout  with  the  normal,  thus 
giving  the  same  eiiuilibrium  color  as  found  by  Allen. 


Taui-k  4.  Ktjlex  Ciincs 

X 

Normal 

.513m 

.505a. 

.495p 

ASOn 

.450^ 
Sec. 

.425^ 

.420m 

Sec. 

Sec. 

.Sec. 

Sec. 

Sec. 

Sec. 

S«:. 

.740p 

0,02W 

0.0287 

0.0290 

0.0293 

0  0290 

0  0243 

0  0293 

0  0303 

.720 

.02.?4 

.0231 

.0231 

()233 

.0236 

.0210 

.0231 

0237 

.700 

,(US'> 

.0188 

.0189 

.0189 

.0187 

.0174 

.018<; 

.0193 

.680 

.0161 

.0157 

.0160 

.01.58 

.0158 

0148 

.0160 

0159 

.660 

.0138 

.0137 

.0141 

Ol.W 

Ol.W 

.0134 

.01.i8 

0140 

.640 

.0131 

.0131 

.0133 

.0128 

.0132 

.0126 

.0132 

.0128 

.620 

.0122 

.0121 

.0122 

.0120 

.0124 

(1117 

.0124 

.0120 

.590 

.0111 

(tll4 

.0110 

.0112 

.0112 

0108 

.0113 

.0111 

.550 

(Ills 

.0118 

.0117 

.0118 

.0118 

(tll3 

.0120 

0114 

.530 

.0128 

.0128 

.0125 

.0126 

.0126 

.0119 

.0127 

0122 

.500 

.0152 

.0153 

.0150 

.0152 

.0148 

.014.S 

,0153 

.0142 

.480 

.0181 

.0182 

.0178 

.0185 
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Although  the  luminosity  of  the  violet  fatiguing  color  was  compara- 
tively low.  yet  the  largest  reflex  elYects  were  obtained  ior  the  fatigue 
colors  AM)fjL  and  .41()yu.  The  results  of  the  latter  are  shown  in  Fig.  1.^. 
Like  .45();u,  it  produced  a  large  enhancement  throughout  the  entire 
spectrum  except  at  the  coinciilence  points  .5(V  and  .66m. 

An  examination  of  the  reflex  curves  as  a  whole  shows  a  very  inter- 
esting fact,  namely,  that  the  largest  reflex  enhancements  are  not 
obtaiueil  by  fatiguing  with  the  brightest  colors,  but  rather  with  the 
dim  colors,  such  as  .687/n,  .450/^  and  .410^1.  These  wave  lengths  stimu- 
late i)retlominanlly  one  sensation  each;  the  flrst  is  conhned  almost  en- 
tirely to  the  red  sensation,  while  the  latter  Iwo  alTect  chiefly  the  violet. 
It  would  aitpear,  therefore,  that  the  large  enhancements,  obtained  by 
fatiguing  with  the  above  colors,  is  due.  either  ti>  their  lower  luminosity, 
or  to  the  simjilicity  of  their  stimulations  of  the  fundamental  sensations. 
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A  comparison  of  the  various  reflex  curves  shows  that  a  reflex  enhance- 
ment in  the  violet  is  obtained  only  when  the  fatiguing  color  is  one  of 
comparatively  low  luminosity,  such  as  a  red  or  violet.  When  a  reflex 
does  occur  it  is  always  manifested  in  the  most  'uminous  portion  of  the 
spectrum,  and  with  the  exception  of  the  reflex  curve  for  .589/x,  also  in 
the  red.  It  was  therefore  of  interest  to  determine  the  reflex  effect  of  an 
intense  white  light. 

The  left  eye  was  fatigued  with  a  similar  patch  of  white  light,  obtained 
by  removing  the  prisms  from  a  spectrometer  and  viewing  the  white 
light  in  the  eyepiece.  By  this  means,  the  area  of  the  retina  stimulated 
was  the  same  as  for  the  other  fatigue  colors.  The  results,  as  shown  in 
Fig.  14,  are  similar  to  those  obtained  for  bright  colors  throughout  the 
middle  of  the  spectrum.  The  curve  from  .48^i  to  the  violet  end  coin- 
cides almost  completely  with  the  normal,  while  the  remainder,  with  the 
exception  of  about  .68//,  shows  a  distinct  reflex  enhancement.  The  data 
for  this  curve  and  the  next  are  given  in  Table  8. 

Before  taking  any  readings  for  the  reflex  effect  of  darkness  adaptation 
in  one  eye  upon  the  perception  of  the  luminosity  of  colors  by  the  other, 
the  left  eye  was  blindfolded  for  about  an  hour,  and  kept  in  that  state 
until  all  the  observations,  which  were  taken  at  the  rate  of  one  every 
five  minutes,  were  completed.  This  curve,  as  plotted  in  Fig.  15,  is 
quite  different  from  any  of  the  other  reflex  curves  in  that  the  entire 
curve,  with  the  exception  of  the  abnormal  region  .59//  to  .66/x,  is  elevated 
above  the  normal.  This  clearly  verifies  the  observations  made  by 
Allen,  that  dark  adaptation  in  one  eye  lowers  the  physiological  lumi- 
nosities of  colors  perceived  in  the  other,  a  fact,  which  shows  the  impor- 
tance of  investigating  reflex  phenomena  in  daylight,  when  the  unused 
eye  is  under  natural  light  adaptation. 

The  majority  of  the  reduced  curves,  shown  at  the  bottom  of  the 
figures,  indicate  a  division  into  three  parts,  two  of  which  correspond  to 
the  sensations  of  red  and  violet,  while  the  third  is  in  the  middle  portion 
of  the  spectrum,  where  green  may  be  considered  as  the  predominant 
sensation  stimulated. 

These  curves  fully  verify  the  principle  discovered  by  Allen,  that  the 
effect  of  fatigue,  by  a  light  stimulus  in  one  eye,  is  transferred  to  the 
other  by  a  reciprocal  or  reflex  action  of  some  kind,  resulting  in  an 
enhancement  of  the  physiological  luminosity  of  the  spectral  colors 
perceived  by  the  unfatigued  eye.  They  differ  from  his  in  that  the 
amount  of  enhancement  is  generally  less,  being  sometimes  very  slight 
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or  even  absent,  especially  in  the  blue  an«l  violet,  or  that  part  \Nhith 
stimulates  ehicny  the  violet  sensation.  i'he  wave  lengths  of  the 
equililjriuni   colors  are  aj)proxiniat(.l\'   the  >aine  as  found   by  Allen, 
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except  lor  the  acKlitional  colors  between  .520/i  and  . 480^1,  which  also 
i^avo  very  good  equilibrium  curves.  The  two  coincidence  points,  .50/i 
and  .06ju,  also  agree  well  with  his. 
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V.     Fatigue  Curves 

In  this  part  of  the  investigations  both  the  direct  and  reflex  effects  of 
fatigue  in  the  same  eye  were  studied.  The  same  procedure  was  followed 
as  for  the  reflex  curves,  except  that  the  right  eye  was  now  fatigued  and 
the  measurements  made  on  the  same  eye,  while  the  left  was  maintained 
in  daylight  adaptation.  The  data  for  the  fatigue  curves  are  given  in 
Tables  5,  6  and  7. 

The  first  color  used  to  fatigue  the  eye  was  wave  length  .687yu,  obtained 
from  the  arc  light  by  means  of  a  two  prism  Browning  spectrometer. 
The  results  obtained  were  entirely  unexpected,  and  it  was  thought  that 
some  error  must  have  been  made,  either  in  recording  the  measure- 
ments, or  in  the  use  of  the  spectrometer  providing  the  fatiguing  color. 
Another  spectrometer  was  taken  and  carefully  recalibrated,  and  the 
curve  repeated  t\vice  with  the  greatest  care  to  get  correct  readings, 
first,  using  the  arc  spectrum  to  provide  the  fatiguing  red,  and  second, 
an  incandescent  bulb.  All  three  curves  were  identically  of  the  same 
character,  showing  only  small  variations  in  the  amount  by  which  they 
deviated  from  the  normal.  One  of  the  curves  is  shown  in  Fig.  16. 
Instead  of  getting  an  elevation  in  the  red  indicating  fatigue,  as  was 
expected,  a  distinct  depression  was  the  result.  The  curve,  after  touch- 
ing the  normal  at  the  coincidence  point,  about  .66;u,  again  shows  another 
depression  through  the  abnormal  region.  At  .59/i  it  crosses  the  normal 
and  gives  an  elevation  throughout  the  remainder  of  the  spectrum. 
It  is  to  be  noticed,  that  this  is  the  first  curve  obtained  showing  smooth- 
ness throughout  the  region  .59/x  to  .66^.  It  is  evident,  therefore,  that 
the  combined  result  of  the  direct  and  reflex  effects  of  fatiguing  with 
,687yu,  is  to  enhance  the  physiological  luminosity  of  those  parts  of  the 
observed  spectrum  corresponding  to  the  depressions  of  the  fatigue 
curve,  and  to  decrease  it  for  the  parts  showing  an  elevation.  While 
measurements  were  being  made  on  that  part  of  the  spectrum  from  .62^t 
to  .74/x,  it  was  observed  that  the  red  appeared  less  saturated  but 
brighter.  The  yellow  appeared  greenish,  and  the  colors  from  .55^  to 
the  violet  end  duller.  The  effect  of  fatigue  began  to  pass  off  rapidly 
at  the  end  of  about  one  minute,  as  observed  by  the  return  of  the  natural 
appearance  of  the  spectrum. 

Fatiguing  with  .670fx,  Fig.  17,  resulted  in  giving  a  curve  very  similar 
to  the  previous  one,  except  that  the  deviations  from  the  normal  are  more 
pronounced,  especially  the  enhancement  corresponding  to  the  abnormal 
region  of  the  reference  curve.    The  effects  of  fatigue  did  not  pass  off 
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nearly  :is  rapidly  as  ivr  .6S7/i.  It  has  cxpccUd  that  the  fatigue  curve 
for  .66()/i  would  {)r«)ljably  show  almost  complete  coincidence  with  the 
normal,  as  was  obtained  for  the  rellex  curve.  Instead,  however,  as 
shown  in  lig.  IH,  the  curve  is  similar  ttj  the  previous  two,  showing  even  a 
greater  enhancement  in  red  and  also  a  greater  fatigue  in  the  yvllow  and 
green.  The  two  coincidence  points  .50/lx  and  .(>()fi  are  well  marked. 
This  curve  was  also  repeated  on  another  day  after  having  carefully 
checked  the  normal,  as  was  always  done  e\ery  few  days.  The  results 
fully  verified  the  first  curve. 

The  three  fatigue  curves,  now  described  for  different  wave  lengths  of 
red.  show  largest  enhancements  in  regions  about  .72/i  and  .64/^,  and 
greatest  fatigue  about  AA/j.     In  an  attempt  to  locale,  if  possible,  an 

Taijlk  5.     I'lili^itc  Cunrs 
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e(|uilii)rium  color  in  the  region  of  .660^.  wave  length  .605^  was  tried 
as  a  fatiguing  color,  with  the  result  that  both  curves  show  very  good 
coinciilence  throughout  the  entire  spectrum,  as  shown  by  the  data  in 
Table  5.  A  distinct  dilTerencc  in  the  clTects  of  fatigue  by  .065/1  and 
.66(V  could  be  noticed  on  the  red  end  of  the  spectrum,  the  former  caus- 
ing but  little  change  in  either  saturation  or  apparent  brightness,  while 
the  latter  caused  the  red  to  appear  noticeably  less  saturated  but 
brighter. 

It  was  of  interest  to  lietermine  the  effect  of  fatiguing  the  eye  with  a 
color  selected  irom  that  pari  of  the  spectrum,  which  gives  tlic  abnormal 
elcvaticiJ  in  ihe  reference  curve.    Wave  length,  .030/i  was  selected  and 


748 


W.  A.  Anderson  [J.O.S.A.  &  R.S.I.,  8 


a  fatigue  curve  obtained  for  it,  the  character  of  which  is  shown  in  Fig. 
19.  Like  the  other  fatigue  curves  for  red,  a  smooth  curve  was  obtained 
without  any  trace  of  an  irregular  elevation  between  .59/x  and  .66^. 
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As  has  been  observed,  the  curves  for  wave  lengths  .687^1  and  .670^1 
both  of  which  are  on  the  same  side  of  the  equilibrium  color,  .665^,  are 
very  similar;  so,  too,  the  curves  for  .660/^,  and  .630/i,  on  the  other  side 
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of  .665/i,  show  cl(jsc  resemblaiKcs.  \Vu\e  length  .OM)^  shows  smaller 
enhancement  in  the  red,  but  much  larger  fatigue  in  the  green.  The  dis- 
proj)orti<)natel\'  large  enhancement  occurring  about  .72/i,  as  also  referred 
to  in  the  previous  tigures,  is  a  noticeable  feature.  The  observations  on 
this  point  were  repeated  for  nearly  all  the  red  fatigue  curves,  but  in 
every  case,  the  new  readings  confirmed  the  original. 

When  .5S0yi,  the  brightest  color  in  the  spectrum,  was  employed 
to  fatigue  the  eye,  another  surj)rising  result  was  obtained.  As  shown 
by  the  data  in  Table  6,  the  reailings  are  almost  identical  with  those  for 
the  normal  curve,  .72^  being  the  only  i)oint  to  show  any  ajipreciable 
variation,  and  this  in  the  nature  of  a  slight  enhancement.     I"or  the 
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writer's  eye,  therefore,  wave  length  .580^  is  an  ccjuilibrium  c«)lor.  when 
measurements  are  made  on  the  fatigued  eye.  It  may  be  recalled,  thai 
even  the  retle.x  curve  for  .589/i,  I-'ig.  7,  coincided  with  the  normal  e.xcepl 
in  the  midille  part  of  the  spectrum  from  about  .5.^^  to  .OO/i.  The  fatigue 
ecjuilibrium  color,  corresponding  to  .505;i  of  the  rellex  curves,  was  found 
when  .570/i  was  employed.  As  shown  by  the  data  in  Table  6.  a  very 
good  agreement  exists  between  the  normal  and  most  of  the  fatigue 
readings. 

The  fatigue  curves  fur  wave  lengths  .550jui  and  .5.i5^  are  quite  similar, 
as  shown  in  Figs.  20  and  21.  Both  show  an  enhancement  in  the 
extreme  red,  fatigui  in  the  yellow,  orange  and  orange-red.  very  little 
change  in  the  green,  but  considerable  fatigue  in  the  blue.    In  the  violet 
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there  is  a  difference,  one  showing  distinct  fatigue,  the  other  coincidence 
except  for  a  slight  enhancement  in  the  last  point. 

Fig.  22  shows  the  curve  for  fatigue  color  .520/^,  which,  although  not 
quite  an  equilibrium  color,  yet  suggests  that  a  slightly  shorter  or  longer 
wave  length  would  result  in  such.  When  making  observations  for  the 
reflex  curves,  all  colors  between  .520/^  and  ASO/j.  showed  no  change  in 
the  persistency  curve,  but  when  these  same  colors  were  employed  to 
obtain  fatigue  curves  none  were  found  to  give  equilibrium  effects. 
Figs.  23,  24  and  25,  show  the  curves  for  the  fatigue  colors,  .513^1,  .505/i 
and  .480/x  respectively.  All  three  curves  are  somewhat  similar,  showing 
fatigue  to  a  greater  or  less  degree  in  all  parts,  except  in  the  extreme  red 
and  violet.  Wave  length  .513/^,  however,  indicates  also  a  fatigue  of  the 
extreme  violet.  According  to  the  intersections  of  the  equal  area  sensa- 
tion curves  of  Konig  and  Dieterici,^  this  portion  of  the  spectrum  is  quite 
complex  and  it  is,  therefore,  not  surprising  that  almost  all  parts  of  the 
spectrum  should  show  fatigue.  On  the  other  hand,  the  largest  reflex 
effects  in  the  unfatigued  eye  were  obtained  for  the  comparatively  pure 
colors,  red  and  violet,  wdiich  arouse  predominantly  one  sensation  each 
and  but  slightly  the  other  two.  Since  white  light,  and  most  colors 
stimulating  the  three  sensations  to  a  considerable  degree,  produce 
comparatively  small  reflex  results,  it  is  not  surprising  that  the  above 
mentioned  complex  region  of  the  spectrum  should  give  equilibrium 
reflex  curves. 

The  fatigue  curves  for  wave  lengths  .450;u  and  .425ju,  Figs.  26  and  27, 
show  fatigue  in  all  parts  of  the  spectrum,  the  former,  except  in  the 
extreme  red,  to  a  much  more  marked  degree.  It  may  be  observed  from 
these  two  curves,  and  also  from  .480/^,  that  greatest  fatigue  is  shown  in 
that  part  of  the  spectrum  corresponding  to  the  fatiguing  color.  When 
the  dim  violet,  .410/x,  was  employed,  the  fatigue  was  only  evident  in 
the  less  bright  parts  of  the  spectrum,  as  shown  in  Fig.  28.  It  is  possible, 
that  the  considerably  brighter  region  of  the  spectrum,  from  .50/x  to 
.66^,  rapidly  overcame  the  state  of  fatigue  due  to  the  dim  violet.  It  is 
also  possible,  that  the  eye  was  under  partial  darkness  adaptation,  due 
to  the  comparative  darkness  of  the  spectrometer  tube,  in  the  centre  of 
which,  the  dim  violet  was  fixated  for  three  minutes  out  of  every  four. 
This  latter  possibility  seems  the  more  i)robable  in  view  of  the  effect  of 
darkness  adaptation  on  the  same  eye  with  which  the  measurements  are 
made.    This  effect  is  shown  in  the  next  curve. 

"Parsons:  "Colour  Vision"  p.  222. 
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Before  taking  any  readings  for  the  faliKue  curve  for  darkness,  as  it 
may  be  called  since  the  results  are  similar  to  fatigue,  the  right  eye  was 
blindfolded  for  about  one  hour.    Readings  were  made  on  the  spectrum, 

nzE 


t 


I 


ror'iJSu . 

hermal  • — * 


1 — 1 — r 


f 


rrrrr 


; 


04i 


Fttiau*  Curnt 


tor''  SiSu 


-tOfj.   -4%      5 


■iS       -70 


Fig.  23 


still  in  the  daylight  room,  by  uncovering  the  eye  for  the  brief  ix^riod  of 
about  thirty  seconds  which  was  required  to  make  the  chronographic 
record.    While  uncovering  the  eye  and  placing  it  in  the  shield  attached 
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to  the  spectrometer  eye  piece,  care  was  taken  to  prevent  any  daylight 
from  entering  the  eye.  Between  readings  the  eye  was  kept  blindfolded 
for  five  minutes.  Although  the  appearance  of  the  spectrum  to  the  dark 
adapted  eye  was  such  as  to  suggest  an  increase  in  the  brightness,  yet 
the  true  effect  must  be  judged  by  the  actual  measurements  obtained. 
These  measurements,  as  plotted  in  Fig.  29,  clearly  show  that  the  effect 
of  darkness  adaptation  is  to  lower  the  physiological  luminosity  of  the 
spectrum,  a  fact,  which  was  pointed  out  by  Allen^  over  twenty  years  ago. 
The  effect,  as  obtained  by  the  writer,  is  not  marked  in  the  most  lumi- 
nous part  of  the  spectrum.  This  may  be  caused  by  the  rapid  dis- 
appearance of  the  effects  of  darkness  adaptation  in  the  presence  of 

Table  7.     Fatigue  Curves 


X 

Normal 

.513m 

.505m 

.480m 

.450m 

.425m 

.410m 

Sec. 

Sec. 

Sec. 

Sec. 

Sec. 

Sec. 

Sec. 

.740ju 

0.0301 

0.0299 

0.0300 

0.0292 

0.0305 

0.0313 

0.0320 

.720 

.0249 

.0250 

.0248 

.0257 

.0258 

.0259 

.0264 

.700 

.0199 

.0210 

.0208 

.0210 

.0222 

.0217 

.0220 

.680 

.0158 

.0172 

.0166 

.0173 

.0177 

.0174 

.0168 

.660 

.0142 

.0150 

.0148 

.0151 

.0150 

.0150 

.0144 

.640 

.0136 

.0142 

.0136 

.0140 

.0145 

.0140 

.0138 

.620 

.0125 

.0134 

.0130 

.0136 

.0134 

.0134 

.0129 

.590 

.0111 

.0117 

.0117 

.0119 

.0121 

.0115 

.0110 

.550 

.0118 

.0126 

.0121 

.0126 

.0128 

.0123 

.0117 

.530 

.0126 

.0130 

.0129 

.0137 

.0133 

.0133 

.0124 

.500 

.0150 

.0155 

.0154 

.0176 

.0171 

.0162 

.0152 

.480 

.0187 

.0192 

.0205 

.0213 

.0220 

.0208 

.0195 

.460 

.0233 

.0250 

.0256 

.0248 

.0280 

.0262 

.0252 

.440 

.0300 

.0335 

.0322 

.0314 

.0349 

.0336 

.0322 

.420 

.0404 

.0440 

.0408 

.0400 

.0427 

.0457 

.0417 

the  comparatively  bright  spectral  colors,  upon  which  the  measurements 
were  being  made;  for  it  has  already  been  pointed  out,  that  the  author's 
eye  is  much  more  sensitive  than  normal  to  a  light  stimulus. 

To  obtain  a  fatigue  curve  for  white  light,  the  eye  was  fatigued  by  a 
moderately  bright  light,  transmitted  through  a  spectrometer  with  the 
prisms  removed,  as  was  the  case  for  the  reflex  curve.  A  very  brilliant 
light  made  it  almost  impossible  to  get  consistent  readings  because  of  the 
vivid  after  images  produced.  The  readings  from  which  Fig.  30  was 
plotted  showed,  however,  good  agreement.  The  character  of  this 
curve  is  interesting  in  the  relation  which  it  bears  to  all  the  other 
fatigue  curves.     This  curve  is  really  the  combined  efl'ect  of  the  main 

•Phys.  Rev.  11,  p.  265;  1900. 
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types  of  fatigue  curves,  for  it  reveals  a  large  fatigue  in  the  yellow,  green, 
blue  and  violet  colors,  as  is  also  shown  to  a  greater  or  less  extent  by 
nearlv  all  the  f:itigue  curves,  but  shows  little  or  no  fatigue  in  the  red 
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end  of  the  spectrum,  a  result  which  is  about  the  average  cfFect  for  all 
the  fatigue  colors.  'J'he  ilata  for  the  two  curves  on  white  light  and 
darkness  are  given  in  Table  8. 
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A  general  survey  of  all  the  fatigue  curves,  except  those  for  equilibrium 
colors,  reveals  three  fairly  distinct  types,  which  change  more  or  less 
gradually  from  one  type  to  the  other.    When  the  fatiguing  color  is  any 

Table  8.     Light  and  Darkness  Curves 


Reflex 

Fatigue 

Reflex 

Fatigue 

X 

Normal 

Darkness 

Darkness 

White 

White 

.740m 

0.0301 

0.0320 

0.0323 

0.0281 

0.0301 

.720 

.0249 

.0260 

.0259 

.0234 

.0257 

.700 

.0199 

.0208 

.0220 

.0190 

.0197 

.680 

.0158 

.0162 

.0165 

.0155 

.0162 

.660 

.0142 

.0139 

.0148 

.0132 

.0148 

.6i0 

.0136 

.0133 

.0140 

.0125 

.0137 

.620 

.0125 

.0125 

.0127 

.0116 

.0128 

.590 

.0111 

.0110 

.0110 

.0106 

.0120 

.550 

.0118 

.0118 

.0115 

.0115 

.0128 

.530 

.0126 

.0131 

.0128 

.0121 

.0138 

.500 

.0150 

.0156 

.0157 

.0139 

.0165 

.480 

.0187 

.0201 

.0198 

.0183 

.0205 

.460 

.0233 

.0259 

.0260 

.0228 

.0260 

.440 

.0300 

.0312 

.0340 

.0298 

.0339 

.420 

.0404 

.0426 

.0462 

.0413 

.0459 
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hue  of  red,  there  is  always  an  enhancement  in  the  extreme  red  and 
orange-red,  the  amount  of  which  is  less  for  the  fatigue  color,  .630^  than 
for  those  of  longer  wave  length.    The  depression  in  the  brightness  of 
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the  green  region  of  the  spectrum  increases  in  amount  with  a  decrease  in 
the  wave  length  of  tlie  red  fatiguing  color,  while  the  violet  end  shows 
alwavs  a  distinct  lowering  of  the  physiological  luminosity.  The 
equilibrium  curves  for  yellow  fatiguing  colors  sej»arate  the  red  type  from 
the  green,  or  second  tyi>e.  I'atiguing  with  green  gives  an  enhancement 
in  the  red,  the  amount  of  which  decreases  as  the  fatigue  cohjr  moves 
towards  the  hlue,  the  blue  showing  little  or  no  effect  on  the  longer  red 
waves;  on  the  orange-red  the  effect  is  a  lowering  of  the  brightness,  the 
amount  of  which  increases  with  a  decrease  in  the  wave  length  lA  the 
fatigue  color.  Cireen  fatigue  curves  also  show  a  depression  in  the  bright- 
ness of  the  green,  blue  and  violet  colors,  the  amount  of  which  increases 
as  the  fatigue  color  becomes  more  blue. 

The  second  type  changes  gradually  through  the  fatigue  curves  for 
blue  to  the  third  type,  which  is  for  violet  fatiguing  colors.  The  transi- 
tion curves  in  the  blue  show  but  little  fatigue  or  enhancement  for  the 
extreme  red  or  \ioU-t,  and  an  increasing  fatigue  in  the  brighter  colors. 
The  violet  cur\'is  give  a  depression  in  luminosity  ihroughnut  the  entire 
spectrum,  the  amount  t)f  which  decreases  as  the  fatiguing  c<»lor  ap- 
proaches the  extreme  end  of  the  sjjectrum.  until  ft»r  .410^  the  brighter 
part  of  the  spectrum  shows  no  change. 

The  reduced  curves  at  the  bottom  of  the  figures  show  a  tendency  to 
divide,  in  most  cases,  into  three  regions,  which  are  not  regular  enough 
in  all  the  curves  to  say  that  they  inilicate  always  the  three  fundamental 
sensations,  red,  green  and  violet.  'Jhe  existence  of  these  three  funda- 
mental sensations  is  indicated  more  jKirticularly  by  the  natural  division 
of  the  curves  into  the  three  main  types  as  already  described. 

\  I.      TlIEC)KETICAL  CoXSIDKRATIONS 

The  exi)erimenlal  results,  which  have  n»)w  been  consiilered,  fully 
verify  Allen's  discovery  of  the  dual  action  of  light  in  arousing  visual 
sensations.  Although  the  character  of  many  of  the  curves,  given  in  this 
paper,  tliffer  considerably  irom  his,  yet  they  clearly  show  that  in 
addition  to  tiie  direct  elTect  of  light,  which  tends  to  jiroiluce  fatigue, 
there  is  also  a  rellex  elTect,  resulting  in  an  enhancement  of  the  funda- 
mental sensations.  Several  of  the  retlex  curves  are  very  similar  to 
Allen's,  showing  that,  when  a  light  stimulus  falls  upon  one  eye,  the 
sensorv  rellex  is  transferred  to  the  other  causing  an  enhancement  of  all 
three  sensations,  ('ertain  colors,  which  are  termed  eijuilibrium  colors, 
apparently  produce  no  elTcct  in  the  physiological  brightness  of  the 
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colors  perceived  by  the  unfatigued  eye,  while  fatigue  by  still  different 
wave  lengths  enhances  only  the  red  and  green  sensations  in  the  opposite 
eye  and  not  the  violet.  The  violet  sensation  in  the  writer's  eye  seems 
the  least  sensitive  to  stimulation  by  a  sensory  reflex,  transferred  from 
one  eye  to  the  other. 

In  the  same  eye,  Allen  found  that  the  direct  effect  of  a  color  stimulus 
was  to  cause  a  diminution  in  the  physiological  brightness  of  the  colors, 
corresponding  to  the  primary  color  sensations  represented  in  the 
fatiguing  color,  and  that  the  reflex  effect  was  to  enhance  the  brightness 
of  those  colors  which  stimulate  chiefly  the  complementary  sensations. 

The  majority  of  the  author's  fatigue  curves,  how^ever,  are  quite 
different  from  those  obtained  by  Allen.  When  red  of  any  wave  length, 
except  .665m,  was  employed  as  the  fatiguing  color,  the  result  was  not  a 
diminution  in  the  brightness  of  the  red,  observed  in  the  other  spectrom- 
eter, and  a  corresponding  enhancement  of  those  colors  representing 
predominantly  the  green  and  violet  sensations.  Instead,  the  red  sensa- 
tion was  actually  enhanced,  the  violet  fatigued,  and  the  green  little 
affected,  except  by  the  shorter  red  waves  which  fatigued  it.  Stimulation 
with  green  shows  fatigue  in  the  green  and  violet  and  enhancement  in 
the  red,  but  violet,  however,  fatigues  more  or  less  all  three  sensations. 

Although  these  results  are  not  of  the  normal  type,  yet  it  is  evident 
that  the  conclusions  drawn  from  Allen's  researches  do  not  give  a  com- 
plete statement  of  the  direct  and  reflex  stimulation  of  the  fundamental 
color  sensations  when  light  falls  upon  the  retina.  A  more  compre- 
hensive statement,  which  is  based  on  the  results  shown  by  the  curves 
in  this  paper,  may  be  expressed  as  follows : 

Light  of  every  hue  falling  upon  the  retina  affects  all  three  sensations 
both  directly  and  reflexly.  For  example,  a  green  light  stimulates  by 
direct  action  all  three  sensations,  but  predominantly  the  green,  and  by 
reflex  action  also  the  three  sensations,  but  predominantly  the  red  and 
violet.  The  direct  effect  always  tends  to  produce  fatigue,  and  the  reflex, 
enhancement.  In  normal  vision  under  ordinary  conditions,  if  we  again 
take  green  as  the  fatiguing  color,  the  direct  effect  on  the  green  sensation 
overbalances  the  reflex  action  on  the  same  sensation,  resulting  in  a 
fatigue  of  the  green  sensation;  and  the  reflex  efl'ect  on  the  comple- 
mentary sensations,  red  and  violet,  overbalances  the  direct  effect  on 
the  same  sensations,  thus  producing  enhancement  of  the  comple- 
mentary sensations.  While  the  eye  is  still  being  stimulated  by  the  green 
light,  the  direct  effect  usually  predominates  over  the  reflex,  the  net 
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result  being  a  sensation  of  grctn  with  an  undcrlyinfj;  whiteness,  which 
increases  with  fatigue.  However,  under  certain  conditions,  and 
especially  in  cases  of  ahnormal  \  i^ion.  the  aljovc  is  n«»t  always  the  net 
result  of  direct  and  rellex  stinuihiti«»n  of  the  sensations.  The  discussion 
of  this  point,  however,  will  be  j)()stj)<tned  until  after  the  author's  type 
of  abnormal  \  ision  has  been  c«)nsidered. 

Jftlndioltz  suggested  that  every  ray  in  the  spectrum  alTected  each  of 
the  three  sensations,  red.  green  ancl  blue.  Abney  in  referring  to 
Ilelmholtz's  suggestion  states.'"  "If  Helmholtz's  diagram,  j).  214,  wer^- 
correct,  one  colour  would  never  stimulate  one  sensation  by  itself.  As 
it  is,  however,  the  red  stimulates  only  the  red  sensation  in  «>ne  part  of 
the  sj)ectrum,  whilst  the  violet  stimulates  both  the  red  and  the  blue, 
and  not  the  green  sensations.  A  green  color  stimulates  not  only  the 
green  sensation,  but  it  stimulates  the  red  and  l)lue  as  well,  as  is  shown 
in  Helmholt/'s  diagram.  The  trichromatic  theory  re(juires  this  to  be 
the  case."  The  experimental  results  given  in  this  i>aper  show  that 
Helmholt/  was  right  in  his  assumptions,  alth«iugh  unaware  that  the 
three  fundamental  color  sensations  are  stimulated  retk-xly  as  well  as 
directly  by  every  hue.  Abney  failecj  to  detect  the  dual  nature  of  the 
action  of  light  upon  the  retina,  partly,  no  doubt,  because  of  the  negative 
effect  of  darkness  adaptation,  and  j)artly  because  many  of  his  observa- 
tions were  based  on  the  assumption  that  light  falling  up«»n  one  eye  has 
no  clTect  upon  the  other,  a  conclusion  which  these  researches  show  to 
be  incorrect. 

.VM).M  M.OLS  TRICHKoMArisM 

The  author  has  no  difl'iculty  whatever  in  passing  ordinary  wool  and 
card  tests  for  color  deficiency,  nor  has  he.  at  any  time,  experienced  any 
j)henomcna  apart  from  these  experiments  to  indicate  that  his  vision 
is  in  any  way  abnormal.  Slight  pleochroism  in  certain  minerals  under 
the  polarising  microscope  can  be  observeil,  even  when  the  etTect  is  too 
weak  to  be  detected  by  as  many  as  one  quarter  of  a  class.  There  is 
also  no  shortening  of  the  spectrum  at  either  end,  as  comparetl  with  those 
whose  color  vision  is  undoubtedly  normal.  However,  a  comparison  of 
tlie  author's  normal  ])ersistenr\-  cur\e,  ami  especially  his  fatigue  curves, 
with  those  obtaineil  by  A  adicates  that  an  abnormality  of  some 

sort  certainly  exists.  Allen's  curves  have  been  fully  conlirmed  by 
-M.  S.  IloUenberg."  who  not  only  obtained  the  same  nt)rmal  curve. 

"  "RcscarclH'j  in  Color  Vision,"  p.  2M). 
»  J.  O.  S.  A.  &  R.  S.  I.,  *;  p.  713.  1924. 
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but  also  the  same  type  of  reflex  and  fatigue  curves.  Their  results  appear 
therefore,  as  those  of  observers  whose  color  vision  is  in  every  way 
normal. 

A  comparison  of  the  author's  normal  curve  with  that  of  Allen,  Fig.  2, 
shows  that  the  greatest  deviation  is  in  the  green  and  yellow,  or  that 
part  which  corresponds  predominantly  to  the  green  sensation,  and  the 
least  departure  from  the  normal  type  in  the  orange  and  orange-red, 
from  .59//  to  .66/x.  An  examination  of  the  sensation  curves  of  Konig 
and  Dieterici,^^  shows  that  the  green  sensation  falls  to  zero  in  this  region. 
Although,  in  light  of  the  principle  of  reflex  stimulation  of  sensations, 
all  three  sensation  curves  should  extend  to  the  ends  of  the  visible  spec- 
trum, yet  the  above  mentioned  curves  are  no  doubt  correct  in  indicating 
that,  at  least,  the  direct  stimulation  of  green  beyond  .66ju  is  very  small. 
The  elevation  in  the  author's  normal  curve  between  .59/i  and-  .66jix 
would  appear,  therefore,  to  be  due  to  a  deviation  of  the  green  sensation 
curve,  rather  than  the  red,  from  that  of  the  normal  type.  It  seems 
probable  that,  if  the  writer's  sensation  curves  were  determined  and 
plotted  as  equal  area  curves  after  the  manner  of  those  of  Konig  and 
Dieterici,  the  green  sensation  curve  would  be  found  to  show  a  depres- 
sion, as  compared  with  the  normal  type,  for  the  region  between  .59/x 
and  .66//,  and  a  corresponding  elevation  throughout  the  yellow  and 
green  parts  of  the  spectrum. 

It  is  well  known  that  there  are  individuals,  who  show  no  color  de- 
ficiency whatever,  but  who,  in  matching  a  spectral  color,  by  two  mixed 
colors,  diff'er  in  their  equation  from  that  of  the  normal.  For  example, 
when  making  the  equation,  .670//-i-.535//  =  .589,u,  some  require  more 
red  and  others  more  green  than  the  normal.  Those  requiring  more  red 
are  commonly  called  red  anomalies,  and  those  requiring  more  green, 
green  anomalies.  Edridge-Green  states, ^^  "There  are  also  those  who 
will  make  normal  equations  when  the  red  employed  is  X670,  but  will 
make  an  anomalous  equation  with  a  red  of  larger  wave  length,  as  for 
instance  X690,  putting  in  twice  as  much  red  in  the  mixture  compared 
with  the  normal  equation  in  similar  circumstances."  It  is  quite  con- 
ceivable that  an  individual,  who  is  not  color  deficient,  may  not  only 
agree  with  the  normal  in  the  equation,  .670// +  .535// =  .589//,  but  also 
with  a  few  other  equations,  and  yet  dilYer  from  the  normal  when  still 
different  wave  lengths  are  employed.  Such  individuals  must  be  classed 
as  anomalous  trichromats. 

"  Parsons:  "Colour  Vision,"  p.  222 
13  'Physiology  of  Vision,"  p.  223. 
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As  tlu'  nsulls  (»f  the  experiinenls.  j^iven  in  this  paper,  were  studied 
more  closely  it  became  more  convim  in;,'  that  their  aljn»irmal  characters 
must  he  due  to  anomalous  trii  hromatisni.  It  theref«jre  became  desir- 
able to  test  the  author's  Ci)lor  vision  by  means  of  color  equations. 

The  apparatus  used  was  Allen's  tricliromatic  spectrometer."  in 
which  two  colors  can  be  isolated  and  mixed  in  the  upper  part  of  the 
shutter  eyepiece,  and  a  sinj^jle  color  in  the  lower  jiart.  Ivath  of  the 
three  colors  were  obtained  from  the  separate  spectra  of  three  acetylene 
flames  of  constant  luminosity.  The  intensity  of  a  color  was  altered  by 
oj)enin^  or  dosing  the  collimator  slit. 

The  first  equati(»n  attempted  was  .f)7(V+.53.S/z  =  ..SS'^p.  but  in  this 
the  author  a^irecd  with  the  normal  equation  as  obtained  by  Allen  and 
others.  It  will  be  noticed  by  reference  to  the  normal  curve.  Kip.  2,  that 
these  three  wave  lengths  are  outside  of  the  writer's  particularly  ab- 
normal region,  .59/i  to  .66^t.  The  red  was  then  changed  to  a  longer 
wave  length  .600/^.  but  again  the  difference  was  not  suflicient  to  say 
that  an  actual  disagreement  existed.  The  same  was  true  when  a 
longer  wave  length  of  .720^  was  used  instead  of  .690/i.  The  next  step 
was  to  select  a  wave  length  from  the  abnormal  region,  .SO^t  to  .66pi,  as 
one  of  the  three  colors.  'J  he  frst  equation  made  was  .670/i-f  .5.?5/i  = 
.63(V.  In  this  case,  When  the  match  was  perfect  for  the  normal  eye.  it 
appeared  distinctly  too  yellow  to  the  writer.  an<l  the  amount  of  green 
had  to  be  decreased  to  give  a  good  match.  When  the  red  was  changed 
to  .69(V  and  .72(V  the  same  results  were  obtained. 

Wave  length  .()M)n  alTccts  chiefly  the  red  and  green  sensations;  and 
since  a  less  amount  of  green,  or  a  greater  amount  of  retl,  is  recjuired 
than  normal  to  match  .630/i.  it  is  evident,  that  either  the  green  sensation 
is  comparatively  less  stimulated,  or  the  red  more  stimulated  than 
normal  by  colors  between  .5'V  ''ind  .66/i.  A  comi)arison  of  the  writer's 
normal  persistency  cur\e  with  that  of  a  normal  trichromat,  as  has 
already  been  }H)inteil  out.  would  inilicate  that  the  abnoniialty  is  due 
to  an  over  sensitiveness  of  the  green  sensation  to  wave  lengths  of  the 
\ellow  and  green  regions  oi  the  spectrum,  ami  to  an  under  sensitiveness 
of  the  same  sensation  tt>  wave  lengths  between  .59^  and  .66/i.  In  this 
re.>^j)ect.  therefore,  the  author  is  an  anomalous  trichromat,  but  according 
to  the  general  distinction  between  green  ami  red  anomalies  he  would  be 
classed  as  a  red  anomaly,  since  he  reejuires  more  red  in  the  equations 
than  the  niirmal. 

'♦  J.  O.  S.  .\.  &  R.  S.  I.,  S,  p.  33'),  1924. 
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Anomalous  trichromatism,  and  in  fact  color  vision  in  any  phase, 
cannot  be  studied  fully  unless  both  the  direct  and  reflex  action  of  a 
light  stimulus  on  the  retina  be  taken  into  consideration.  Heretofore, 
only  the  direct  effect  of  light  was  considered,  and  that  not  generally 
to  the  extent  that  every  ray  affects,  to  a  greater  or  less  extent,  all  three 
sensations.  An  individual  may  be  not  only  anomalous  in  respect  of 
the  direct  effect  of  light,  but  also  anomalous  in  the  development  of  his 
reflex  sensations.  The  latter  phase  is  probably  most  easily  detected 
after  prolonged  stimulation,  since  the  reflex  sensation,  which  may  be 
set  up  in  a  very  small  fraction  of  a  second,  increases  with  continued 
stimulation. 

While  fatiguing  the  eye  with  a  brilliant  green  light  it  was  observed 
that,  at  the  end  of  about  25  seconds,  the  light  began  to  lose  its  green 
color  and  to  assume  a  purple  tinge,  which  increased  in  saturation  for 
another  25  seconds,  at  the  end  of  which  the  color  appeared  more  purple 
than  green;  the  purple  then  gradually  decreased  until,  at  the  end  of 
about  90  seconds,  it  again  appeared  a  dull  green  of  much  reduced  in- 
tensity and  saturation.  A  s'milar  effect  was  observed  when  fatiguing 
with  a  strong  white  light.  The  white  light  became  distinctly  pink, 
which  gradually  increased  for  a  short  time  and  then  slowly  disappeared 
as  the  fatigue  reached  a  maximum.  However,  when  using  a  brilliant 
red  light  no  tinge  of  green  could  be  observed  although  at  first  it  was 
expected.    These  observations  may  be  readily  explained  as  follows: — 

An  examination  of  the  fatigue  curves  shows  that  the  author's  violet 
sensation  is  easily  fatigued  by  nearly  all  hues  to  a  greater  or  less  extent. 
From  the  reflex  curves,  it  may  also  be  seen,  that  violet  perceived  by 
the  other  eye  is  not  markedly  enhanced  by  a  transferred  reflex  stimula- 
tion, except  when  the  fatiguing  color  is  near  either  end  of  the  spectrum. 
It  therefore  appears,  that  with  prolonged  stimulation,  the  net  result  of 
the  direct  and  reflex  action  of  the  different  hues  upon  the  violet  sensa- 
tion is  nearly  always  in  favor  of  fatigue.  Fatigue  curves  show,  that 
the  green  sensation  is  also  fatigued  by  most  hues,  but  the  fatigue, 
except  by  a  few  colors,  is  not  marked.  Reflex  curves,  on  the  other  hand, 
show,  except  for  equilibrium  colors,  fairly  distinct  enhancements.  The 
red  sensation,  however,  is  very  diflicult  to  fatigue  and  shows  fatigue 
only  in  the  extreme  red  and  only  when  the  fatiguing  color  has  a  wave 
length  of  .480/z  or  less.  According  to  the  sensation  curves  of  Konig 
and  Dieterici  the  red  sensation  curve  terminates  at  about  .480/i.  It 
has  already  been  pointed  out  that  the  experimental  evidence  given  in 
this  paper,  would  indicate  that  the  red  sensation  curve  really  extends 
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to  the  violet  vmi  ol  ilic  ^jKctrum  as  Exner's  curves  show.^^  However, 
the  curves  of  Koni^  and  Dieterici  may  be  taken  as  showing,  that  the 
direct  stimuhition  of  llie  red  scn:,ation  by  wave  lengths  longer  than 
.48()/i  is  at  least  very  small.  If  the  fatiguing  color  is  any  hue  of  red  or 
green,  except  eciuilibrium  colors,  the  fatigue  curves  show  that  the  elTecl 
of  prolonged  stimulation  is  an  enhancement  of  the  red  sensation,  due  to 
the  reflex  action  overbalancing  the  direct.  The  reflex  curves  also  show- 
that  the  red  sensation  is  far  more  susceptible  to  reflex  stimulation 
than  the  other  sensations.  It  must  be  remembered,  of  course,  that  the 
experimental  results  were  obtained  by  removing  the  eye,  after  strong 
stimulation  for  three  minutes,  to  a  less  intense  sjiectrum  upon  which 
the  measurements  were  made.  Therefore,  when  a  bright  white  light  is 
fixated  by  the  author's  eye  for  aijout  30  seconds  it  assumes  a  pink 
tinge  due  to  the  strong  enhancement  of  the  red  sensation  by  reflex 
action.  With  longer  fixation  the  direct  effect  overtakes  the  reflex  and 
fatigue  predominates,  with  the  result  lluit  the  pink  tinge  disajjpears 
U  a\  ing  a  white  of  a  much  reduced  intensity.  Similarly,  when  a  brilliant 
green  color  is  fixated,  the  reflex  enhancement  of  the  red  sensation,  which 
is  the  sensation  predominantly  stimulated  by  the  reflex  action  of  green, 
outgrows  the  green  sensation,  which  is  being  fatigued  by  direct  stimula- 
tion, thus  resulting  in  giving  the  color  a  j)urplish  tinge.  Longer  fixation 
again  results  in  favor  of  the  direct  action  on  the  green  and  the  color 
appears  a  green  of  a  much  reduced  luminosity  and  saturation.  How- 
ever, when  fixating  upon  a  brilliant  red  color,  the  author's  red  sensa- 
tion is  so  diflicull  to  fatigue,  and  so  sensitive  to  enhancement  by 
reflex  action,  that  the  reflex  green  never  outgrows  the  retl.  and  therefore, 
no  green  tinge  was  ever  observed  when  fatiguing  with  red. 

Although  anomalous  trichromatism  may,  in  part,  be  explained  as 
ilue  to  a  shift  of  one  of  the  sensation  curves,  yet  the  experimental 
evidence  given  in  this  paper  slu)ws  that  a  more  comi)rehensive  explana- 
tion is  possible.  Since  direct  stimulation  of  the  retina  is  always  accom- 
panied by  a  sensory  reflex,  then  any  abnormal  development  of  the 
reflex  stinuilation  must  i)roduce  at  least  anomalous  results  in  color 
vision.  Ill  gciural.  therefore,  anomalous  trichromatism  is  tlue  to  an 
abnormal  ratio  of  the  direct  stimulation  of  the  sensations  to  their  reflex 
eiduuuenuiU.  Since  this  ratio  dej)ends  to  some  extent  upon  the  in- 
tensity and  duration  of  a  stimulus,  it  is  (piite  conceivable,  as  Kdridge- 
Clrien   has  observed,   that"^  "There  are  also  persons  who  will  make 

'*  Parsons:  Col.iur  \  isioii.  p.  22.?. 
"  "fhysiology  of  \  ision,"  p.  22S 
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normal  equations  in  one  set  of  circumstances  and  anomalous  equations 
in  another."  He  has  also  observed,  as  already  referred  to  in  a  previous 
quotation,  that  some  individuals  will  agree  with  the  normal  equation 
when  a  red  of  wave  length  .670/^  is  used  but  will  make  an  anomalous 
equation  with  a  red  of  .690/i.  Now,  .670ju  is  very  close  to  an  equilib- 
rium color  which  the  author  found  to  be  at  .C65/x,  while  .690/x  is  a 
color  which  gives  large  reflexes.  It  is  quite  possible,  therefore,  that 
these  anomalous  trichromats,  examined  by  Edrldge-Green,  had  an 
equilibrium  color  close  to  .670/x,  the  stimulation  of  which  would  result 
in  a  balance  being  set  up  between  the  direct  and  reflex  effects  of  the 
color,  while  the  effect  of  employing  a  red  of  .690;U  would  be  to  produce 
abnormal  reflex  enhancements  and  consequently  an  anomalous  equa- 
tion. 

The  following  observations,  made  by  various  experimenters,  clearly 
show  when  viewed  in  the  light  of  this  paper,  that  the  reflex  sensation 
may,  under  certain  conditions  and  with  certain  individuals,  actually 
predominate  over  the  direct  effect  of  a  light  stimulus. 

"If  the  primary  stimulus  (white)  is  more  intense  or  acts  for  a  longer 
time  coloration  may  commence  before  obscuring  the  eye  (Fechner)."^^ 

"A  vivid  blue-green  after  image  may  be  seen  not  only  in  the  absence 
of  all  green  light  but  whilst  the  eye  is  still  being  stimulated  with  a  red 
light."^^ 

"The  case  of  a  strongly  colored  red  surface  whose  image  extends  over 
the  greater  part  of  the  retina  is  especially  striking.  The  colour  fades 
very  slowly  but  steadily,  giving  rise  to  a  peculiar  sensation  of  loss  of 
power  of  the  eye  until  the  field  becomes  quite  grey  and  colourless.  At 
this  stage  the  state  is  one  of  kinetic  equilibrium,  and  a  subjective 
fluctuation,  like  those  which  are  always  taking  place  in  self  light,  may 
suddenly  result  in  a  rise  of  the  threshold  values  of  the  weak  green  and 
blue  sensations.  If  that  occurs  the  colour  of  the  held  will  suddenly 
flash  into  perception  as  a  strong  green.  The  effect  is  unusually  striking, 
but  is  not  easy  to  attain. "^^ 

This  last  quotation  is  really  a  careful  description  of  what  may  be 
called  the  growth  of  the  reflex  sensation  until  the  eft'ect  of  direct 
action,  which  affects  predominantly  the  red  sensation,  is  equalled  by 
the  reflex  action,  which  enhances  chiefly  the  complementary  green,  thus 

"Parsons:  "Colour  Visicn,"  ]>.  110. 

"  Edridge-Grcen:  "Physiology  of  Vision,"  p.  145. 

"Peddle:  "Colour  Vision  "  p.  175. 
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resulting  in  a  grey.  An  equilibrium  between  the  two  effects  then 
exists  until  the  rtllex  enhanciiiunt  lA  green  ^uildenly  predominates 
over  the  (lin-c  t  excitation  of  red. 

rm;  aim'I.icatiox  ok  tmk  i'Rincii'lk  of  rkflkx  visual  sensation's 

TO  THi:  voL'xc;  iii:i.Mii<ti.r/  and  ni;RiN(i  tmforiks 

The  Voung-Helniholtz  triihromatic  theory  of  color  vision  with  the 
various  modilications  and  extensions,  made  by  von  Kries,  Abney  and 
others,  furnishes  a  simple  and  satisfactory  explanation  of  a  great  mass 
of  phenomena  associated  with  the  perception  of  light  and  color.  The 
theory  originated  out  of  a  stutly  of  ( olor  mixtures,  which  are  exjjlained 
by  it  in  a  very  satisfactory  manner.  lJi(  hromatic  vision  is  exi)lained 
as  due  to  the  absence  of  one  of  the  sensations,  and  monochromatic 
vision  as  the  identity  of  all  three.  Anomalous  trichromatism,  according 
to  this  theory,  is  due  to  a  partial  reduction  in  one  or  more  of  the  sensa- 
tions, or  in  some  types,  to  a  shift  in  one  of  the  sensation  curves. 

'I'he  theory,  apart  horn  the  principle  of  rertex  sensations.  ofTers  no 
adequate  explanation  of  the  phenomena  of  after  images,  for  both  posi- 
tive and  negative  after  images  may  be  exjRrienced  in  the  absence  of 
stimulation  by  while  light.  If  dichromatic  vision  is  ilue  to  the  absence 
of  one  comjionent  sensation,  it  is  dilhcult  to  understand  why  a  certain 
portion  of  the  spectrum  should  be  seen  as  grey  and  not  colored,  if  the 
remaining  two  sensations  are  stimulated,  nor  almost  completely  dark, 
if  none  of  the  sensations  be  alTected.  Again,  it  does  not  api)ear  con- 
sistent to  suppo.se,  that  dichromatic  vision  is  due  to  the  absence  of  one 
color  sensation,  while  monochromatic  vision  is  the  iilentity  of  the  three. 
'I'he  theory  is  also  deficient  in  olTering  an  exi)lanation  for  the  various 
types  of  color  blimlness  with  normal  lumim^sity  curves.  The  facts  of 
spatial  induction  or  simultaneous  contrast  were  regarded  by  Helmhollz 
as  "illusions  of  judgment,"  an  explanation  which  abandoned  physiology 
completely. 

These  researches  are  not  intemled  to  confirm  the  Voung-Helmht>ltz 
theory,  although  they  ilo  indicate  three  fundamental  sensations  corre- 
sponding to  red,  green  and  violet.  The  evidence  rather  corrects  and 
extends  the  tluory  by  recognizing  the  rellex  action  of  light  upon  the 
visual  mechanism  in  aildition  to  its  direct  eflect. 

This  addition  of  the  principle  of  retlex  visual  sensations,  as  discovered 
by  Allen  and  as  extended  both  by  him  and  in  this  paper.  olTers.  on  the 
basis  of  the  trichromatic  theory,  simple  antl  satisfactory  explanations 
for  successive  and   simultaneous  contrast,   the  whiteness  underlying 
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all  colors,  the  saturation  of  color  in  after  images,  complementary 
colors,  anomalous  trichromatism,  etc.  von  Kries'  duplicity  theory, 
which  offers  an  explanation  of  scotopic  or  twilight  vision,  may  yet 
prove  an  unnecessary  addition,  for,  as  all  colors  tend  to  become  white 
at  high  intensities,  due  to  the  reflex  enhancement  being  equal-  to  the 
direct,  so  too,  the  absence  of  color  in  all  lights  at  low  intensities  may  be 
due  to  another  equality  between  the  direct  and  reflex  action  of  light  in 
stimulating  the  sensations.  It  is  quite  possible  that  color  blindness, 
either  partial  or  complete,  may  also  be  caused  by  certain  balances  set 
up  between  the  direct  action  of  light  and  the  complementary  reflex, 
resulting  in  grey.  The  correctness  of  the  above  predictions  can  only  be 
determined,  in  the  first  case,  by  an  experimental  study  of  reflexes  at 
low  intensities,  and  in  the  second  by  investigating  them  in  the  color 
blind. 

The  value  of  any  theory  is  twofold,  first,  in  offering  satisfactory 
explanations  of  many  related  phenomena,  and  second,  in  stimulating 
fruitful  research.  In  this  respect  the  trichromatic  theory  of  Young- 
Helmholtz  has  become  more  and  more  firmly  established,  until  now, 
in  the  light  of  the  recent  researches  in  reflex  visual  sensations,  little 
room  seems  left  for  many  of  the  opposing  theories.  However,  it 
seems  quite  improbable  that  a  rival  theory,  which  also  explains  many 
phenomena  of  color  vision,  and  v>hich  too  has  stimulated  much  valuable 
research,  should  not  contain  a  considerable  degree  of  truth.  Such  a 
theory  is  that  proposed  by  Hering. 

The  Hering  theory  assumes  six  psychophysical  processes,  correspond- 
ing to  the  six  primary  sensations,  which  may  be  arranged  in  pairs,  red- 
green,  yellow-blue,  white-black.  Three  photochemical  substances 
are  supposed  to  exist  in  the  retina,  one  corresponding  to  each  of  the 
three  pairs  of  sensations.  The  first  named  sensation  in  each  pair  is 
supposed  to  arise  from  the  dissimilation  of  the  photochemical  substance 
and  the  second  sensation  from  its  assimilation.  All  rays  of  the  visible 
spectrum  have  a  dissimilating  action  on  the  white  black  substance  but 
different  wave  lengths  in  different  degrees.  When  mixed  light  produces 
equal  dissimilation  and  assimilation  in  the  red-green  or  the  yellow- 
blue  substances,  colorless  light  is  the  result.  The  action  is  not  comple- 
mentary but  rather  antagonistic,  for  yellow  and  blue  do  not  produce 
white  light  by  their  combination,  but  by  destroying  each  other's  eft'ects, 
and  leaving  visible  the  white,  which  is  already  there  through  the 
dissimilation  of  the  white-black  substance  by  the  mixed  light.  Each 
visual  response  is  therefore  a  mixture  of  the  three  sensations  excited  by 
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dissimilation  together  with  the  three  arising  from  assimilation,  the 
resulting  color  being  due  to  the  one  of  the  six  that  produces  relatively 
the  greatest  elTcct. 

The  princii)les  deduced  from  the  experimental  evidence  given  in 
this  paper  show  that  two  opposite  effects  are  produced  whenever  light 
of  any  hue  stimulates  the  retina.  The  direct  and  reflex  action  of  light, 
although  apparently  antagonistic,  produce  their  full  elTects  without  in 
anyway  destroying  or  inhibiting  each  other.  The  net  result  is  not  the 
excess  of  one  action  over  the  other,  but  rather  the  combined  effect  of 
the  two.  Because  of  the  underlying  whiteness  of  all  spectrum  colors, 
Hering  assumes  the  existence  of  a  white-black  substance,  in  which 
the  antagonistic  action  results  in  a  series  of  greys.  The  discovery, 
however,  of  reflex  visual  sensations  no  longer  necessitates  this  assump- 
tion, since  white  is  the  result  of  equal  stimulation  of  the  three  funda- 
mental sensations,  red,  green  and  violet,  whether  it  be  by  direct  action, 
rellex  action,  or  by  a  combination  of  l)olh  which  it  appears  must 
generally  be  the  case. 

Both  the  Young-Helmhollz  and  Hiring  theories  recognize  that  the 
nature  of  color  vision  is  essentially  trichromatic,  the  former  by  suppos- 
ing the  existence  of  three  fundamental  sensations,  and  the  latter  by  the 
assumption  of  three  pairs  of  psycho-physical  processes.  The  lirst  theory 
ex])lains  most  satisfactorily  phenomena,  such  as  those  of  color  mi.xtures, 
which  arise  chiefly  from  the  direct  action  of  light;  the  second,  phenomena 
relating  to  color  contrast,  which  have  now  been  shown  by  Allen  to  be 
due  largely  to  the  rellex  effect  of  a  color  stimulus.^"  Each  theory 
therefore  is  mainly  based  on  only  one  of  the  two  phases  of  color  percep- 
tion. In  the  light  of  a  visual  reflex  of  a  sensory  nature,  the  Voung- 
Helmholtz  and  Ilering  theories  can  no  longer  be  regarded  as 
antagonistic.  The  existence  of  a  rellex,  affecting  predominantly  the 
complementary  sensations,  explains  fully  the  a]>parent  antagonism  of 
color  sensations,  which  Hering  recognizes  as  an  essential  feature  of 
color  perception. 

This  investigation  is  one  of  a  scries  relating  to  the  reflex  influence  of 
light  on  the  phenomena  of  color  vision,  initialed  by  Prof.  Frank  Allen, 
to  whom  I  desire  to  express  my  thanks  for  suggestions  ami  for  labor- 
atory facilities  placed  at  my  disposal. 

Dep.vktment  of  Physics, 

UnIVKKSITY  ok  M.WITOIIA, 

WiNNiP'  G,  Canada. 
"J.  O.  S.  A.  &  R.  S.  I.  7  p.  Ol.V,  1923. 
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Scclion  I  contains  intrixluctor>'  remarks,  and  the  cunM<lrratiuii  of  the  normal  persistency 
>•  of  the  aiitlii>r  in  onlir  to  determine  tlic  character  of  hi<«  lyi>e  of  color  blindness 

-fction  II  contains  detailed  descriptions  of  the  reflex  efletts  ubiaine<l  in  the  rifiht  c\c  by 
fatii^uin)*  the  left  with  colors  of  various  wave  lengths  and  with  white  light.    T\\c  effect  of  dark 
ru>s  adaptation  of  the  left  e\c  upon  color  vision  in  the  right  c\e  is  also  sludie<J. 

Section  III  dcscribi-^  the  ilirecl  elTtt  ts  of  falijjue  u|x>n  the  ri>{ht  eye  when  colors  and  while 
light  are  used     I  larkness  adaptation  of  the  riglit,  or  obscrvinR  eye,  is  also  considered 

In  Secti<fn  IN,  various  theoretical  tonsiderations  are  discussed  with  ^>et  ial  reference  to 
the  Ix-aring  of  the  curves  u|Kjn  color  thi-or>  .  It  is  shown  that  the  absence  of  reflex  effects  in 
the  fatigue  cur\  es  |>aral!cls  the  absence  of  negative  after  images  in  the  author's  eye. 

The  curves  strongly  conlimi  the  trichromatic  theory  of  CoKir  N'ision,  and  show  that  in 

explaining  color  blindness  the  assumption  of  a  sejiarate  white  sensation  is  unncces.sar>'.    The 

■  of  color  blindness  s^-enis  also  to  be  largely  connc"cte<l  with  the  efferent  nerve  libres.  the 

.1.  Unas  of  which  are  shown  to  l)e  greatly  inlerfere«l  with,  or  even  suppressed,  in  defective 

Color  Vision. 

I.  The  Normal  t  rR\  e 

This  investigation  was  undertaken  for  the  i>uriH>se  of  vt-rifyini;  the 
principle  of  the  rellex  enhancement  of  the  visual  c«)lor  sensaLion>  rei  enl- 
ly  discovered  hy  Allen.'  J  he  writer  was  aware  »)f  some  abnormality  in 
his  color  vision,  but  did  not  know  how  much  of  the  spectrum  was 
involved.  As  the  investigation  proceeded,  the  full  extent  of  the  color 
deficiency  became  evident,  and  achantage  was  taken  of  the  abnormal 
condition  to  study  in  detail  the  rellex  and  fatigue  effects  of  various 
spectral  colors. 

The  ap]>aratus  used  was  the  same  as  that  employed  by  Allen. which 
was  fully  described  in  his  i)ai>er  to  which  reference  has  just  been  made. 
By  the  method  of  mea>uring  the  durati(»n  of  Hashes  of  color  at  the 
critical  frequency  of  flicker,  persistency  curvo  for  the  .spectrum  were 
obtained,  first,  when  the  right  eye  was  in  ordinary  daylight  adaptatiim, 
and,  second,  when  it  was  under  the  (Hrect  or  retlex  inlluence  of  colors. 
Comparison  oi  the  last  two  types  of  curves  with  the  normal  enabled 
conclusions  to  be  drawn  regarding  the  acticm  of  different  color*  upon 
the  visual  sen.^ations. 

'I'he  l"irs<  me;isurements  were  made  to  secure  the  normal  or  reference 
curve  with  which  all  others  are  compared.  For  this  purj^iose  the  ex- 
lieriments  were  conducted  in  a  room  lighteHl  by  windows  so  that  both 

»  On  Reflex  \  isual  Sensations.    J.  O.  S.  A.  and  R.  S.  I.  7,  p.  583;  1923 
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eves  were  maintained  in  daylight  adaptation.  This  was  necessary  since 
Allen  found  that  darkness  adaptation  of  one  eye  affected  the  other  in 
such  a  manner  as  to  counteract  the  reflex  enhancement  of  the  sen- 
sations. 

The  data  for  the  normal  curve  are  found  in  Table  I  together  with 
similar  measurements  for  all  the  reflex  curves  described  in  the  next 
section. 


T.VBLF,  ] 

.  Rrjlcx  Curves 

White 

Darkness 

X 

Xornial 

Lis^ht 

Darkness 

and 
rre.ssure 

.687m 

sec. 

sec. 

=ec. 

sec 

sec. 

.74/. 

0.0386 

0  C423 

0  O.rU 

0  0415 

0  0421 

.72 

.0316 

0329 

0293 

0349 

.0322 

.70 

.0266 

0273 

0254 

0280 

.0273 

.68 

.0228 

0229 

0214 

02.^0 

.0217 

.66 

.0182 

.0185 

01  7S 

0185 

.0189 

M 

0161 

0161 

0160 

0162 

.0164 

.62 

.0146 

01, SO 

()144 

0152 

.0145 

59 

.0132 

0133 

01,^0 

0136 

.01,36 

.57 

.0130 

()\M 

0125 

0133 

.0131 

.55 

0133 

0135 

0130 

0132 

.0132 

.53 

.0137 

.0138 

0135 

0136 

.0142 

.50 

.0163 

0160 

01,56 

0158 

.0167 

.48 

.0194 

.0189 

0189 

0186 

.0187 

.46 

.  0234 

.0221 

0225 

0211 

.0231 

.44 

.  0295 

.0287 

.0272 

()276 

.0304 

.42 

.0401 

.03.58 

.  0367 

.0383 

.0401 

X 

.  660m 

.  5S9/, 

.540ju  ■ 

.450// 

.410/. 

sec. 

sec. 

sec. 

sec. 

sec. 

74/. 

0 . 0352 

0.0370 

0.0383 

0 . 0380 

0.0401 

,72 

.0313 

.0300 

.0.301 

.0,336 

.0345 

.70 

0269 

0256 

0258 

0264 

.0283 

.68 

.  0238 

.0220 

.0217 

0234 

.0236 

.66 

.0179 

.0185 

.0185 

0180 

.0203 

.64 

.0165 

.0170 

0166 

.0162 

.0165 

.62 

0147 

0150 

0147 

0149 

.  .0147 

.59 

.0140 

.  0135 

.0134 

.0133 

.0136 

.57 

.0134 

.0135 

.0133 

.0134 

.0130 

.  55 

.0137 

.0135 

0131 

oi,=;6 

.0133 

.5.? 

.0146 

0143 

01, ?9 

0142 

.0135 

.50 

.0161 

()165 

.0168 

0159 

.0163 

.48 

.0194 

.0187 

.0192 

.0189 

.0192 

.46 

.0212 

.0214 

.0222 

0237 

.0233 

.44 

.0270 

.0263 

.0265 

.0281 

.0276 

.42 

0355 

.0346 

.  0358 

.0401 

.0373 
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In  order  to  disiovtr  the  extent  of  the  color  deficiency,  or  blindness, 
;is  it  is  usually  termed,  the  nonnal  of  ihc  writer  must  be  compared  with 
one  for  the  eye  of  a  person  with  normal  vision.  A  similar  curve  was 
mafle  on  the  same  si)eclrum  and  under  precisely  the  same  c«jnditions 
by  W.  A.  Anderson"-,  whose  color  visii)n  is  normal  irichnjmalic,  except 
for  a  short  interval  of  anomalous  vision  between  the  wave  lengths 
.t>\n  and  .6S/i.  The  data  for  this  curve  are  in  Table  2. 

Table  2.     Normal  PtrsisUtuy  Cunr.    {W.  A.  Anderson \ 


X 

D 

X 

D 

X 

D 

sec. 

sec. 

sec. 

.74m 

0.0301 

.64m 

0  0136 

.50m 

O  0150 

.72 

.024<> 

.62 

.0125 

.4« 

.0187 

.70 

.0199 

.59 

.0111 

.46 

0233 

.68 

.0158 

.55 

.0118 

.44 

03a) 

.66 

.0142 

.53 

.0126 

.42 

.0404 

As  his  color  vision  is  anomalous  but  not  defective,  Anderson's  curve 
may  be  compared  with  the  writer's  and  thus  reveal  the  extent  of  the 
color  blindness.  The  two  curves  are  drawn  to  the  same  scale  in  Fig.  1. 
The  continuous  line  is  Anderson's  normal,  whicl  'is  paper  is  used 

only  in  this  figure,  and  the  dotted  line  is  that  of  uk  writer.  From  this 
llgure  it  is  seen  that  the  color  vision  of  the  writer  is  tlefective  from  the 
beginning  of  the  red  to  the  wave  length  .490/i.  The  violet  portions  of 
the  curves  coincide,  which  shows  that  this  sensation  is  not  defective 
in  any  way.  The  writer  therefore  is  shown  to  be  defective  in  both  the 
red  and  green  sensations.  The  neutral  jioint  is  at  the  wave  length 
.515/i,  which  is  near  the  point  where  the  two  nt)rmal  curves  diverge.  It 
is  marked  in  the  figure  with  an  arn»w. 

In  a  detailed  investigation  of  color  blindne^^  b\  this  method,  Allen' 
was  able  to  classify  twenty-six  subjects  into  seven  distinct  t^-pes  or 
classes:  those  defective  in  one  sensation  only.  red.  green,  or  violet; 
those  defective  in  two  sensations,  red-green,  retl-violet.  or  green-\iolet ; 
those  defective  in  the  three  sensations,  or  the  totally  color  blind.  Six 
of  the  seven  tNpes  were  found  ami  studied,  but  only  with  reference  to 
their  normal  persistency  curves.  The  missing  type  was  \  iolet  blindness. 


*0n  Reflex  \"isu;il  Sensations  ami  Anomalous  Trichromatism.  J.  O  S.  A.  and  R.  S.  I. 
8,  p.  731;  1924. 

'Persistence  of  \  ision  in  Color  Blind  Subjects.  Phys.  Rev.  15,  p.  193;  1902.  Also:  Per- 
sistence of  Vision  and  the  Priman.-  Color  Sensations.    .\m.  Jour.  Physiol.  Op   /,  p.  94;  1920' 
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II.  Reflex  Curves 
The  first  curves  to  be  obtained  were  the  reflex,  in  which  the  fatiguing 
color  stimulus  was  applied  to  the  left  eye,  and  measurements  of  the 
critical  frequency  of  flicker  were  made  upon  the  right  eye  which  re- 
mained in  daylight  adaptation.  The  curves  obtained  in  this  way  are 
compared  in  the  figures  with  the  normal  curve  of  the  writer.  The 
dift'erences  between  the  two  curves  must  therefore  be  due  to  the  effects 
of  color  transferred  from  one  eye  to  the  other.  Allen^  found  that  his 
reflex  curves  in  all  cases  were  below  the  normal,  showing  three  de- 
pressions in  the  parts  of  the  curves  corresponding  to  the  red,  green,  and 


•♦o„.   -if-s     Tso     rSs     -ho      bs     70 
1'  iG    ) .     Ncriua!  ritrvcs. 


7s 


violet  colors,  which  proved  that  these  sensations  were  always  reflexly 
enhanced  in  sensitiveness.  These  efi'ects  have  been  completely  con- 
firmed by  M.  S.  Hollenberg,^  who  also  worked  in  Allen's  laboratory. 
In  no  case  did  either  of  these  observers  find  that  the  direct  action  of 
light  was  transferred  from  one  eye  to  the  other  in  excess  of  the  reflex. 
Had  it  been  transferred,  it  would  have  shown  itself,  it  is  presumed,  by 
elevations  of  the  curve  above  the  normal,  such  as  occur  in  the  fatigue 
and  reflex  curves  in  this  paper. 

*  On  Reflex  Visual  Sensations,    loc.  cit. 

^  On  the  Verification  of  the  Principle  of  Refie.x  Visual  Sensations.    J.  0.  S.  A.  and  R.  S.  I. 
8,  p.  713;  1924. 
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In  addilion  to  these  cttccts,  Allen  found  six  colors..  06U>i,  .572/i.  .520/1, 
.505)u,  .4Ht)/i,  ami  AlF^n,  wiiich  produced  neither  fatigue  nor  enhance- 
ment, so  that  the  curves  coincided  wilii  the  normal.  These  were  called 
ecjuilibrium  colors. 

In  the  present  inve>tigation  the  red  co'or  .OST/i  was  lirsl  used  as  the 
fatiguing  jtimulus  on  the  w riter'>  left  eye.  The  curve  obtained  by  the 
right  eye  is  practically  coincident  with  the  ntirmal  in  the  part  ccr- 
responding  to  violet,  but  small  elevations  occur  in  the  portions  of  the 
curve  corresponding  to  reil  and  green.  The  dej)artures  from  the  normal 
are  so  slight  that  this  color  may  almost  be  called  an  equilibrium  color 


■^f,      -ttS       -So        -JS     '  4o         W        7o         IS 

Fig    2.     Rijltx  curtr /vr  JSV^. 

for  the  aullu»r.  This  is  quite  different  from  the  normal  eye,  in  which 
the  first  e(|uilibrium  color  is  .0()()ju.  which  lies  at  the  end  of  the  green 
sensation  curves  i»f  Abney  and  of  Kunig.  It  may  therefore  be  the  ca^'e 
that  ill  color  blindness  the  green  sensation  curve  extends  more  com- 
pleteh  owT  the  red  sensation  than  in  normal  \isit)n. 

When  the  colors  .OOO/x.  .5S<);Li.  .54()/i.  anil  .45(V.  were  ^uccessively 
employed  as  fatiguing  stimuli,  curves  similar  to  that  in  Fig.  2.  for  .589/u. 
were  obtained.  These  are  all  of  the  same  general  type,  showing  de- 
pressions in  the  red  and  violet  regions  and  an  elevation  in  the  green. 
The  curve  for  the  color  .450/u,  however,  appro.ximates  the  equilibrium 
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condition.  It  may  be  noted  also  that  this  color  is  not  far  from  the 
point  where  the  normal  curves  in  Fig.  1  diverge,  which  is  considered  to 
mark  the  boundary  between  normal  vision,  and  the  defective  color 
vision  of  the  writer. 

The  curve  obtained  with  the  violet  color  .410ju  has  a  depres^^ion  in 
the  violet  and  an  elevation  in  the  red,  with  scarcely  any  effect  upon 
the  green. 

Almost  exactly  the  same  as  this  is  the  reflex  curve  obtained  when 
white  light  was  used  as  the  fatiguing  stimulus.  This  is  shown  in  Fig.  3. 


Reflex    Curve 
for    vvKite   LijKt  o- 
Noryyiai 


Lenoik 
■ifC^,       if  5        SC       .ss         to       -65        Tc        TS 

Fig   3.     Reflex  curve  for  while  light. 


QUO 


Jor  Darkness     « e 

Nor*rt.Oi,i        x a 


■J^Of<      If  5       SO        -SS        to        -tS         7e        -75 

Fig.  4.     Reflex  curve  for  darkness. 


In  normal  vision,  darkness  adaptation  of  the  left  eye  caused  the 
elevation  of  the  whole  curve  above  the  normal,  showing  in  consequence 
that  the  spectrum  became  physiologically  less  bright  to  the  right  eye. 
But  in  the  writer's  case,  as  is  shown  in  Fig.  4,  darkness  adaptation 
caused  a  depression  of  the  whole  curve  below  the  normal,  indicating 
enhanced  perception  of  all  colors.  But  when  pressure  upon  the  left  eye 
was  added  to  its  darkness  adaptation,  the  green  and  red  portions  of 
the  curve  became  elevated. 

In  Fig.  5  the  reduced  reflex  curves  obtained  under  all  the  above 
conditions  are  gathered  together,  and  their  uniformities  and  character- 
istics may  be  readily  compared . 


(h 
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It  was  jjrc\  k)U.sly  pointed  uul  that  the  urilcr'b  vision  was  normal  as 
regards  the  violet  sensation.  Allen  found  that  in  the  normal  eye  reflex 
action  enhanced  the  three  fundamental  sensations  which  depressed  the 
curve  in  the  parts  corresponding  to  them.  Since  in  the  eye  of  the  writer 
the  violet  sensation  is  normal,  the  jiart  of  the  curve  corresj)onding  to  it 
ought  to  be  normal  in  its  behavior  and  always  show  a  depression.  This 
is  the  case  with  all  the  curves  except  that  for  the  red  color  .687/i,  which 
is  practically  ct)inci(lent  with  the  normal.  The  violet  sensation  there- 
fore conforms  nearly  perfectly  with  the  theory.  In  four  of  the  six 
reflex  color  curves  the  red  portion  is  depressed  and  in  two  cases  elevated. 


too 


100 


/ 


687^ 


160. 


J»<r, 


S*e. 


■*sa, 


l,IO^ 


1-  ii;    5.     Reduced  reflex  curv.s. 

but  I  he  green  i.s  uuiforinly  ele\ale(i.  In  oilu  r  \\orils,  the  green  sensation 
always  behaves  abnormally,  while  the  reil  is  normal  in  its  behavior 
with  four  colors  in  the  middle  of  the  .spectrum,  and  abnormal  with  two 
which  are  the  extreme  red  and  extreme  violet.  With  white  light  the 
violet  sensation  acts  normally,  and  the  reil  abnorm;ill\ .  Darkness 
adaptation  is  abnormal  in  its  elYict  ujion  all  the  sensations.  All  the 
curves.  lu)wever,  show  the  usual  threefold  division  corresponding  to 
the  three  primary  sensations,  red,  green,  and  violet.  The  tlivisions  occur 
with  approximate  constancy  near  the  wave  lengths  .o.^yj  and  .50/i.  which 
also  is  the  case  in  Allen's  curves. 
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III.  Fatigue  Curves 

In  Allen's  investigations  it  was  found  that  when  the  right  eye  was 
fatigued  with  the  primary  colors  red,  green,  and  violet,  one  elevation 
was  formed  in  the  corresponding  part  of  the  curve,  and  two  reflex  de- 
pressions in  the  parts  corresponding  to  the  remaining  sensations.  But 
when  the  compound  colors,  orange,  yellow,  and  blue  were  used,  two 

Table  3.     Fatigue  Curves 


White 

Darkness 

X 

Normal 

Light 

Darkness 

and 
Pressure 

.687m 

sec. 

sec. 

sec. 

sec. 

sec. 

.74m 

0.0386 

0.0440 

0.0420 

0.0440 

0.0485 

.72 

.0316 

.0328 

.0355 

.0372 

.0396 

.70 

.0266 

.0275 

.0295 

.0316 

.0316 

.68 

.0228 

.0243 

.0237 

.0253 

.0265 

.66 

.0182 

.0197 

.0200 

.0200 

.0205 

.64 

.0161 

.0165 

.0172 

.0169 

.0170 

.62 

.0146 

.0154 

.0147 

.0148 

.0157 

.59 

.0132 

.0143 

.0136 

.0140 

.0141 

.57 

.0130 

.0141 

.0134 

*  .0138 

.0141 

.55 

.0133 

.0147 

.0136 

.0138 

.0140 

.53 

.0137 

.0150 

.0137 

.0140 

.0148 

.50 

.0163 

.0160 

.0165 

.0161 

.0170 

.48 

.0194 

.0187 

.0187 

.0190 

.0202 

.46 

.0234 

.0225 

.0215 

.0230 

.0252 

.44 

.0295 

.0297 

.0269 

.0.304 

.0306 

.42 

.0401 

.0428 

.0366 

.0422 

.0635 

X 

.660m 

.589m 

.540m 

.450m 

.410m 

sec. 

sec. 

sec. 

sec. 

sec. 

.74m 

0.0425 

0.0396 

0.0396 

0.0442 

0.0390 

.72 

.0360 

.0330 

.0350 

.0392 

.0313 

.70 

.0297 

.0276 

.0300 

.0329 

.0270 

.68 

.0254 

.0238 

.0239 

.0275 

.0223 

.66 

.0197 

.0196 

.0193 

.0218 

.0186 

.64 

.0170 

.0165 

.0169 

.0173 

.0162 

.62 

.0152 

.0144 

.0155 

.0151 

.0144 

.59 

.0140 

.0135 

.0139 

.0141 

.0135 

.57 

.0138 

.0131 

.0137 

.0141 

.0132 

.55 

.0145 

.0136 

.0140 

.0140 

.0133 

.53 

.0147 

.0143 

.0143 
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elevations  were  formed  with  each,  correspoinlin^'  in  posiiicjn  to  the  two 
sensations?  directly  alYecled,  and  a  rellex  depression  in  the  remaining! 
sensation,  ^■e!lo^v,  for  e.vampK  .  fatiirue.--  Inuh  the  red  an<l  the  «rreen 
sensations,  causing  correspond  in  j.;  elevations  in  the  iur\e,  and  en- 
hances the  violet  sensation  causing  a  dej  res>ion. 

The  assumption  of  Ilehnholi/  that  all  colors  directly  stimulate  all 
three  sensations,  though  in  unequal  amounts,  was  confirmed  e.\j)eri- 
mental'y  by  the  fornur  investigations,  and  is  most  emphatically  con- 
firmed by  the  fatigue  curves  now  to  be  described.  In  the  normal  eye 
there  are  ahvax's  o])J)o.«^ile  effei  ts  produn-d  uj)on  the  sensations  directlv 


r«tt««c    C»'  •  r    ^.r  i 

Whi'tr    LijKt  .  .       I 

Worm*  I  •---«, 


■vo,.    -Vi      -je       as       be       bi       ;«       jjf 
KlG.  6.     Fatigue  cnriij\r  .OOHfi. 
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and  those  reilexly  alTected.  'J'he  two  pt>rtions  itf  the  spectrum  thus 
oi>positely  inlluenccd  are  complementary  to  each  other.  It  will  be 
remembercil  that  these  e.vperimenls  were  likewise  con«lucted  in  a 
lighted  room  so  that  the  unused  eye  was  maintained  constantly  in 
daylight  adaptation. 

In  the  fatigue  curves  of  the  writer  much  the  hame  type  of  curve  is 
obtained  with  all  the  colors  useil :  .()87/n.  .6iA)ix,  .Sl^^ii.  .54Up.  .45(»m.  and 
.410ju.  'I'he  data  for  these  curves  are  in  Table  3.  and  the  curves  are 
similar  to  that  in  Kig.  (>,  ft)r  .OOOfx.  It  will  he  noticed  at  once,  especially 
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in  Fig.  9  where  a]l  the  reduced  fatigue  curves  are  shown  together,  that 
each  curve,  with  the  exception  of  that  for  the  violet  color  .410/i,  is 
characterised  by  three  elevations  in  the  parts  corresponding  to  red, 
green-yellow,  and  violet,  the  divisions  occurring  near  the  same  wave 
lengths  as  before,  .65^1  and  .50^.  No  depression  occurs  with  any 
of  the  colors.  With  the  wave  length  .540iu,  the  violet  elevation  is  small, 
while  in  the  case  of  violet,  .410/^,  there  is  an  elevation  corresponding 
to  that  color,  and  the  rest  of  the  curve  is  almost  coincident  with  the 
normal.    This  suggests  that  this  color  is  not  far  from  an  equilibrium 

point. 

When  the  eye  was  fatigued  with  white  light,  it  was  found  that  the 
curve  in  Fig.  7  was  elevated  above  the  normal,  and  possessed  three 
elevations.  This  clearly  shows  that  white  light  affects  the  three  sen- 
sations red,  green,  and  violet. 

When  the  right  eye  was  blindfolded,  or  in  darkness  adaptation,  the 
curve  shown  in  Fig.  8  was  obtained.  This  has  a  depression  in  the  violet 
region,  whereas  Allen  found  his  curve  to  lie  above  the  normal  in  all 

parts. 

When  pressure  upon  the  eye  was  added  to  darkness  adaptation  the 
writer  found  that  the  violet  part  of  the  curve  was  elevated.  The  three- 
fold character  of  the  sensations  is  again  clearly  demonstrated. 

The  reduced  curves  for  white  light  and  darkness  are  also  shown  in 
Fig.  9  with  the  reduced  fatigue  curves  for  the  various  colors. 

From  the  study  of  the  curves  for  fatigue  or  the  direct  action  of  light, 
the  conclusion  is  obvious  that  all  colors  affect  the  three  fundamental 
color  sensations  directly,  in  accordance  with  the  assumption  of  Helm- 
holtz.  It  is  also  evident  that  no  reflex  effects  are  shown  at  all.  This  does 
not  necessarily  mean  that  no  visual  sensory  reflexes  exist,  but  that  the 
direct  effects  greatly  predominate  over  them. 

The  identical  three-fold  character  of  the  curves  for  white  light  and 
darkness  constitutes  the  strongest  evidence  that -these  influences  act 
upon  the  color  sensations,  and  not  upon  a  separate  white-black  visual 
substance  or  sensation  as  the  Hering  theory,  for  example,  assumes. 

IV.  Theoretical  Considerations 

In  the  study  of  color  blindness  it  is  frequently  stated  that  one  or 
more  sensations,  or  the  corresponding  photochemical  substances,  are 
absent  from  the  retina.  Since  in  color  blindness  the  spectrum  is  but 
little  shorter  than  in  normal  vision,  the  conclusion  must  follow  that  in 
addition  to  the  color  sensations  there  is  a  white  process  also  which  is 
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responsive  to  all  colors.  If.  however,  all  Kjlor.-,  >tiinulate  all  three 
primary  sensations,  in  accordance  with  the  trichromatic  theory,  white- 
ness is  fully  accounted  for  without  an  adilitional  sensation.  Since  the 
evidence  adduced  in  this  pajier  is  clear  and  explicit  that  all  colors  act 
upon  all  three  sensations,  the  assumi)tion  fand  it  must  be  remembered 
that  in  all  theories  of  Color  Vision  it  is  only  an  assumption)  of  a  separate 
white  sensation  or  process  is  needless. 
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Ther.  i^  no  doubt  that  the  writer  !>  defective  in  his  color  sen>e.  or  k 
color  blind  in  the  usual  terminology.  It  is  obvious  from  the  curves  that 
the  same  three  regions  are  atTected  as  in  normal  eves.  The  conclusion 
therefore  follows  that  in  the  writer's  eye,  three  color  sensations  exist 
and  operate.  None  are  missing.  Hut  the  abnormal  occurrence  of  the 
elevations  and  depressions  and  the  complete  absence  of  the  bitter  in  the 
case  of  fatigue  or  the  direct  action  of  light,  show  that  in  color  tlefective- 
ness  or  blindness  it  is  the  visual  retlexes  which  are  chiefly  at  fault. 
Hence  when  light  falls  upon  the  eye  the  counteracting  process  to  fatigue 
is  too  small  to  be  effective,  though  the  reflex  curves  show  it  is  not 
entirely  ab.sent.  Though  the  writer  is  red-green  blind  in  the  ordinarv 
sense,  yet  what  he  considers  to  be  a  red  color  is  perceived  after  pro- 
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longed  fixation,  if  it  is  quite  bright.  Also  what  he  calls  a  greenish  image 
is  formed  by  successive  contrast  upon  looking  at  a  white  surface  after 
fatigue  with  bright  red  light. 

The  writer  has  never  been  able  to  obtain  any  negative  after-images 
either  with  color  or  with  white  light  of  the  strongest  character.  Even 
after  looking  at  a  bright  electric  light,  no  after-images  are  seen  on 
closing  the  eyes,  except  a  positive  image  of  the  same  color  for  a  very 
brief  time.  Allen  has  previously  suggested  that  negative  after-images 
are  due  to  reflex  discharges  in  the  efferent  nerves,  and  that  positive 
after-images  are  due  to  the  persistence  of  atlerent  nerve  stimulation. 
The  fact  that  the  writer  obtained  persistency  curves  at  all  is  evidence 
that  positive  after-images  are  formed  in  his  eyes.  But -the  absence  of 
negative  after-images  seems  to  be  significantly  connected  with  the 
absence  of  reflex  effects  in  the  directly  stimulated  eye.  The  curves  and 
other  characteristics  of  vision  of  the  writer  are  all  consistent  with  each 
other,  though  they  are  not  normal  except  as  regards  the  violet  sensation. 

Since  the  three  sensations  are  acted  upon  in  two  ways,  direct  and 
reflex,  it  might  be  inferred  that  innumerable  types  of  color  blindness  or 
deficiency  should  exist.  Allen  found,  as  shown  in  his  paper  on  color 
blindness  previously  referred  to,  that  the  normal  curves  of  twenty  six 
cases  could  be  readily  classified  into  seven  types,  to  one  of  which  the 
writer,  as  shown  by  his  curve  in  Fig.  1,  belongs.  The  reflex  and  fatigue 
curves  for  several  subjects  of  each  type  should  now  be  obtained  in  order 
to  secure  sufficient  information  for  a  more  thorough  understanding  of 
these  important  peculiarities  of  vision.  While  generalisation  from  a 
single  case  of  color  deficiency  is  perilous,  yet  it  is  evident  that  the  curves 
do  give  exact  information  quite  consistent  with  other  facts  of  defective 
color  vision.  There  appears  to  be  nothing  in  these  experimental  results 
inconsistent  with  the  trichromatic  theory  of  Young-H.elmholtz  when 
enlarged  by  the  addition  of  the  visual  sensory  reflexes.  Or  we  may  say 
positively  that  the  three-fold  character  of  the  curves  is  quite  in  harmony 
with  that  theory  of  color  vision,  and  indeed  strongly  confirms  it. 

These  curves  show  that  defective  color  vision  largely  arises  from 
disturbances  in  the  efl"erent  fibres  of  the  reflex  arc,  which  suppress  the 
enhancing  reflex  actions  which  are  essential  to  normal  color  vision.  In 
other  words,  the  various  types  of  color  blindness  are  due  to  inhibitory 
processes  of  abnormally  large  magnitudes  acting  selectively  upon  the 
visual  receptors. 

This  investigation  forms  part  of  a  series  of  researches  in  Color  Vision 
conducted  in  the  Department  of  Physics  of  the  University  of  Manitoba 
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with  tlu-  liiKintiiil  a>r>i.^iainc'  of  llu-  lf<>n«»rar\    A<l\isory  Council  (or 
Sdenlitk  and  Industrial  KtM-arch.  Oltawa. 

I  desire  to  record  my  llianks  i.>  I'rofcssor  1  rank.  Allen,  I>irea«tr  of 
ihc  Deparlnunl  of  Physics.  l'ni\cr>ity  of  Manitoba,  for  >ug^eslions 
regarding  the  interpretation  of  tlu  curves  obtained  in  this  in\e«.ti]tiation 
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IIIK  RKFLKX  (JRIGIX  t)F  C(JLOR  CONTRAST 

By  Frank  Allek 
SYX01»SIS 

In  this  paper  the  principle  of  sensor)'  reflex  action  is  applied  to  tlic  explanation  of  color 
j»)ntrast  by  the  method  of  Ka^on't  Siina.  Ahncy's  cxi>crinient  in  whicli  he  found  the  contra&t 
color  induced  on  a  white  surface  liy  jjreen  to  l>c  orange  instead  of  the  loniplementar)'  purple 
is  also  explaine<l.    Consideration  is  also  given  to  binocubr  contrast. 

The  theories  of  contrast  of  llelmhuitz,  Kdridge  (Ireen,  McDougall.  Mr«.  Ladd- Franklin, 
Ik-ring  and  Sherrington  are  iirielly  discussed. 

In  two  papers  recently  published',  the  writer  showed  by  numerous 
(xperinienlul  nieiisunnienls  that  every  ray  of  light  falling  upon  the 
nlina  produces  both  dine  I  and  reflt-x  effects  (»n  the  three  fundamental 
sensations,  red,  green,  and  viult-t.  The  former,  or  direct  action  of  a  color, 
stimulates  and,  at  the  same  time,  depresses  or  fatigues  the  three  sen- 
sations in  very  uneijuai  amounts,  and  is  the  elTect  of  light  or  color 
usually  perceived  and  studied.  The  latter,  or  reflex  action,  enhances  the 
sensitiveness  of  the  three  sensations  in  the  retinal  area  directly  excited, 
in  the  adjoining  regions  of  the  same  retina,  and  is  also  transferred  to  the 
other  eye  with  the  same  enhancing  elTect. 

The  enhancement,  while  extending  to  all  three  sensations,  predom- 
inantly alTects  those  ccmipK-menlary  to  the  sensations  stimulated  by  the 
direct  action  of  the  color.  For  example,  reil  light,  by  its  direct  action, 
chiefly  alTccts  the  red  sensation,  and  to  a  far  less  extent  the  green  and 
violet;  by  its  reflex  action  it  enhances  all  three  sensations,  but  predomi- 
nantl\-  the  green  and  vioUt,  which  together  are  the  complementary 
of  red. 

Since  chirkness  adaptation  of  the  unused  eye  produces  elTects  that 
neutralize  the  enhancement  of  iirightness  caused  by  reflex  action,  these 
researches  were  conducteil  in  a  room  lighted  by  ordinary  daylight,  so 
that  the  unused  eyi-  was  always  maintained  in  daylight  adaptation. 

This  reflex  princ  iple.  coupled  with  the  trichromat  ic  theory.  w;is  shown 
by  the  writer  tt)  atford  a  physiological  exj^lanation  of  the  modilication  of 
lights  and  colors  by  contrast.  If,  for  example,  contiguous  |)atchcs  of 
yellow  and  green  colors  are  viewed  by  one  e\e  flxated  on  a  point  in  the 
junction  of  the  two  area^,  the  yellow  light  reflexly  enhances  the  sensa- 
tions producing  its  complementary,  blue,  in  the  retinal  area  occupied  by 
the  green,  which  is  thereby  perceived  as  if  it  were  mixi  ■'  ^^i'h  blue. 

»  On  Ritlcx  \"isual  Sensations.    J.  O.  S.  A.  and  R.  S.  1.  7,  p.  583;  l*)2.v 
On  Rctlox  \isn:il  Sensations  and  Color  Contrast.    J.  O.  S.  A.  .in'  R   ^   T.  7,  p.  91J;  1923. 
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Similarly,  green  enhances  its  complementary  sensations,  red  and  violet, 
in  the  area  upon  which  the  yellow  light  falls,  causing  that  color  to 
appear  as  if  mixed  with  purple.  Thus  each  color  is  perceived  as  if  mixed 
to  a  greater  or  less  extent  with  the  complementary  of  the  other,  an 
effect  which  in  general  gives  them  the  appearance  of  being  moved  away 
from  each  other  in  the  spectrum.  Two  colors  which  are  complementary 
will  obviously  be  modified  chiefly  by  having  their  saturation  deepened 
or  increased. 

It  should  be  noted,  however,  that  the  complementary  effect  of  con- 
trast is  only  a  predominant  action,  for  the  visual  reflex  enhances  all 
three  sensations. 

It  is  to  be  expected  therefore  from  the  reflex  principle  that  slight  de- 
partures from  the  complementary  character  of  contrast  will  always 
occur.  This  is  well  recognised  by  color  theorists,  as  Parsons^  for  ex- 
ample, shows  in  his  statement  that  "under  ordinary  circumstances  the 
induced  color  is  not  the  precise  complementary  of  the  inducing,  as  was 
known  to  Goethe,  and  has  been  fully  investigated  by  Hering." 

In  the  former  paper  on  contrast  to  which  reference  has  been  made, 
several  of  the  most  illustrative  examples  ofcontrast  phenomena  were 
discussed  and  explained  by  the  new  reflex  principle.  In  this  com- 
munication some  additional  contrast  experiments  of  various  observers 
are  considered  and  the  reflex  theory  also  applied  to  explain  them. 
One  of  the  most  effective  modes  of  obtaining  contrast  is  that  devised 
by  Ragona  Scina.  For  some  time  the  writer  found  difficulty  in  reconcil- 
ing this  contrast  effect  with  the  explanation  on  the  reflex  principle. 
Rood^  has  described  this  important  method  in  such  detail  that  the 
writer  ventures  to  quote  from  him. 

"Two  sheets  of  white  cardboard  are  attached  to  a  couple  of  boards 
fastened  together  at  a  right  angle,  as  indicated  in  Fig.  1.  Between  the 
boards  a  plate  of  rather  deeply  coloured  glass,  G,  is  to  be  held  at  an 
angle  of  45°.  If  the  eye  is  placed  at  E,  two  masses  of  light  will  be  sent  to 
it.  From  the  vertical  cardboard  white  light  will  start,  and,  after  being 
reflected  on  the  glass  plate,  G,  will  reach  the  eye.  This  light  will  be 
white,  or  almost  entirely  white,  since  it  is  reflected  from  the  upper 
surface  of  the  coloured  glass  plate.  The  second  mass  of  white  light  will 
proceed  from  the  horizontal  sheet  of  cardboard,  H,  and  after  traversing 
the  plate,  G,  will  become  coloured  by  absorption.  If  the  glass  plate  is 
red,  this  light  when  it  reaches  the  eye  will  of  course  have  the  same 
colour;  consequently  the  first  result  is  that  we  have  presented  to  the 

2  Colour  Vision,    p.  128;  1915 

3  Colour  or  Modern  Chromatics,  3rd  Ed.,  p.  257. 
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eye  a  mixture  of  red  with  white  light,  wliiili  will  give  the  observer  the 
idea  that  he  is  looking  at  a  horizontal,  square  field  of  a  somewhat  pale 
reddish  tint.  If  now  a  small  black  square  be  attached  to  the  vertical 
cardboard  at  B,  of  course  no  white  light  can  come  to  the  eye  from  this 
portion  of  the  cardboard  and  the  image  of  this  spot  will  seem  to  the  eye 
to  be  at  h  on  the  horizontal  board  under  the  eye.  Inder  ordinary  cir- 
cumstances this  image  would  ai)pear  black;  in  point  of  fact,  however, 
in  this  case  it  a])pears  deep  red.  owing  to  the  red  light  transmitted  by 
the  plate  of  glass.  'J'hus  far  the  arrangement  amounts  Ut  a  device  for 
presenting  to  the  eye  a  mixture  of  red  with  white  light,  the  white  light 
being  absent  at  a  certain  spot,  which  con.sequently  aj)pears  of  a  deeper 
red.  A  similar  black  square  is  mnv  to  be  placed  on  the  horizontal  board 
at  (';  it  will  of  course  prevent  the  light  from  the  place  it  covers  from 


tlG.  1.     C  onlfif'l  tthtiud  oj  Ka^i  lui  Siina. 

reaching  either  the  red  glass  or  the  eye.  and  under  ordinary  circum- 
stances would  be  i>erceive(l  simply  as  a  square  black  siH)t'     Owing. 
howexer.  to  the  fact  that  the  upper  surface  of  the  glass  plate  is  reflect- 
ing  white  light  to  the  eye.  it  really  appears  :us  a  grey  spot.    The  final 
result  is  that  we  present  to  the  eye  at  K  a  pale-red  ground  on  which  is 
a  spot  of  pure  grey,  and  near  it  (»ne  which  is  deej)  red.    Owing  to  con- 
trast, however,  the  aj^pearance  is  dilTerent:    instead  of  a  grey  .spot,  we 
see  one  strongly  coloured  green-blue.    This  ellect  is  partly  due  to  con- 
trast with  the  palc-retl  of  the  ground,  but  still  more  to  the  presence  of 
the  deep  red  sj^ot.  'Ihis  latter  we  can  remove  by  taking  away  the  black 
square.  B,  which  diminishes  the  elTect  considerably.  Hut  now  comes  the 
most  curious  part  of  this  experiment ;  if  we  select  a  square  of  grey  paper 
which  has  the  same  colour  with  the  grey  square  seen  in  the  apparatus. 
apart  from  the  etTects  of  contrast,  and  place  it  airr  the  glass  plate  and 
near  the  other  two  images,  it  will  not  be  affected  in  colour,  or  onlv  to  a 
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slight  extent.  In  point  of  fact,  we  now  have,  side  by  side,  on  the  same 
field,  two  grey  squares  quite  identical  in  actual  colour,  but  one  appears 
by  contrast  blue-green,  while  the  other  is  not  affected,  but  is  perceived 
by  the  eye  as  being  simply  a  square  of  grey  paper.  As  soon,  however,  as 
the  observer  recognizes  the  fact  that  these  two  squares  really  have  the 
same  grey  colour,  the  illusion  instantly  vanishes,  and  both  of  them  re- 
main persistently  grey.  It  is  evident  that  in  this  case,  as  with  coloured 
shadows,  the  judgment  is  at  fault  rather  than  the  retinal  nerves;  for 
as  soon  as  an  opportunity  offers,  it  corrects  itself  and  takes  a  new  de- 
parture. The  illusion  in  this  case,  as  well  as  with  the  coloured  shadows, 
is  produced  quite  independently  of  the  knowledge  of  the  observer,  who 
may  indeed  be  a  trained  physicist,  minutely  acquainted  with  the  facts 
of  the  case,  and  with  all  the  details  employed  in  producing  the  decep- 
tion, and  still  find  himself  quite  unable  to  escape  from  its  enthrall- 
ment." 

In  order  to  understand  the  reflex  actions  involved  in  this  experiment 
we  must  consider  the  complete  color  pattern  on  the  retina.  This  consists 
of  a  pale  red  ground  over  the  retinal  periphery  where  it  excites  but 
little  reflex  effect,  since  its  physiological  intensity  rapidly  diminishes 
as  the  distance  from  the  centre  is  increased.^  In  the  central  retina  are 
three  fairly  large  areas,  one,  a  deep  red,  and  two  grey  of  equal  intensities 
which,  according  to  Rood's  description,  are  "side  by  side".  The  greatest 
part  of  the  contrast  effect  on  the  grey,  as  Rood  points  out,  is  due  to  the 
deep  red  patch,  which  is  naturally  brought  about  by  directing  vision 
between  the  red  and  grey  areas. 

In  accordance  with  the  reflex  visual  process  outlined  above,  the  red 
light  enhances  the  sensitiveness  of  the  three  primary  sensations,  red, 
green,  and  violet,  in  the  surrounding  areas  of  the  retina,  but  predom- 
inantly the  sensations  complementary  to  red.  The  white  light  from  the 
grey  patch  falling  upon  the  unequally  excitable  sensations,  stimulates 
the  green  and  violet  more  than  the  red,  which  results  in  the  production 
of  the  bluish-green  color  observed. 

The  critical  part  of  the  experiment  is  contained  in  the  words  of  Rood 
which  the  present  writer  has  italicized  in  the  quotation,  particularly  the 
expression:  "As  soon  as  the  observer  recognises",  etc.  Expressed  in 
other  words,  this  part  of  the  description  means  that  when  vision  is 
fixated  on  a  point  between  the  two  grey  squares,  the  image  of  the  large 
red  area  then  falls  on  the  periphery  of  the  retina,  where  its  intensity  and 
consequently  its  reflex  effect  are  greatly  reduced;  and,  as  the  words  of 

*  Parsons:   Colour  Vision,  Fig.  24,  p.  69;  1915. 
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Rood  imi)ly,  a  tinu-  inUrval  is  allowtcl  fur  the  two  grey  areas  to  readjust 
their  retinal  actions,  and  for  the  rdlex  effect  of  the  deep  red  to  subside. 
As  both  greys  are  originally  made  of  equal  and  low  intensities,  their 
rellex  elTects  on  each  other  are  negligible.  When  the  color  contrast  is 
reduced  to  a  minimum,  the  experiment  is  resolved  mainly  into  one  on 
luminosity  contrast. 

In  attributing  this  elTect  to  illusion  or  deception  of  the  ju<lgment, 
Rood  remarks  again  that  it  corrects  itself  "as  soon  as  an  opportunity 
olTers".  This  exi)ression  also  implies  an  interval  of  time,  which  in  some 
contrast  experiments  is  quite  necessary. 

It  is  probable,  however,  that  careful  oljservalion  will  show  both  grey 
patches  to  be  slightly  tinged  \  '  '  'e  contrast  green-blue  color  by 
reilex  action  of  the  surrounding  paie  i\d  ground. 

The  ascription  of  Scina's  contrast  elTects  to  tleception  of  judgment 
is  therefore  an  erroneous  interpretation.  The  reflex  principle  not  only 
nullifies  the  psychological  thei>ry  of  Helmholt/  but  al^^>  sujjplic^s  a 
l)ositivc  physiological  action  quite  adecjuate  to  exi)lain  the  phenomena. 

The  last  sentence  of  Rood's  description  in  which  he  remarks  how  even 
a  trained  obser\er  "minutely  acc^uainted  with  all  the  details  employed 
in  pi\)ducing  the  deception",  is  (juile  unable  to  prevent  himself  from 
being  deceived,  is  a  strong  tribute  to  the  claritv  anil  precision  of  the 
judgment  in  rendering  a  truthful  verdict  on  \  arious  actions  and 

reactions  involved  in  the  experiment. 

Abney''  has  described  some  observalion^  on  .simultaneous  contrast 
which,  on  first  consideration,  also  appear  contradictory  to  the  action 
of  the  reilex  princii)le. 

In  his  work  he  used  a  white  surface  upon  part  of  which  fell  a  beam  of 
light  iA  an\'  doired  spectral  color,  and  ui)on  the  contiguous  area  a 
bright  white  light  from  an  electric  arc,  or  from  an  Argand  burner. 

Hy  this  experimental  arrangement  he  desired  to  determine  the  con- 
trast color  induced  in  the  white  area  by  the  color  on  the  adjoining 
surface.  He  founil  that  the  contrast  coK»r  in  all  cases  could  be  matched 
by  a  single  spectral  color  when  diluted  with  white  light.  He  noted, 
howe\er,  that  the  induced  color  was  n(>t  always  the  complementary  of 
the  active  light.  It  w;is  found,  for  e-xamj^le,  that  when  green  is  the 
active  c»)lor,  the  induced  color  upon  the  white  surface  is  orange  instead 
oi  purple,  which  is  the  complementary  of  green. 

riu-  conlradii  tion,  however,  is  only  apj^arent,  as  further  considera- 

*  Rc^can.hcs  in  Colour  N'ision,  p.  121. 
Troc.  Roy.  Soc.  56,  p.  221;  1894. 
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tion  shows.  The  reflex  effect  of  green  light  when  it  falls  upon  one  retinal 
area  enhances  the  sensibility  of  the  complementary  sensations  in  the 
adjoining  areas.  A  purple  color  is  therefore  induced  in  effect  upon  the 
part  of  the  retina  receiving  the  image  of  the  bright  white  light.  Now 
purple  is  formed  by  excitation  of  the  red  and  violet  sensations,  of  which 
red  is  much  the  more  prominent  or  effective.  It  is  also  well  recognized 
that  colors  mixed  with  white  light  tend  towards  yellow.  Abney  himself 
says  :^  "In  the  red  the  colour  becomes  pinker  as  more  of  the  white  light 
is  added,  the  scarlet  becomes  orange,  the  orange  yellow,  and  the  yellow 
green.  The  yellow-green  does  not  suffer  a  change  but  as  the  green  is 
approached  it  becomes  yellower  in  hue.  .  .  .as  the  violet  is  approached 
a  very  small  quantity  of  white  will  make  it  appear  nearly  salmon- 
coloured.  If  the  white  light  added  be  that  of  a  paraffin  lamp,  the  red 
became  more  orange,  the  scarlet,  as  before,  orange,   ..." 

By  referring  to  the  reflex  color  curves^  of  the  present  writer,  it  will 
be  seen  that  when  white  light  is  used  as  the  stimulus,  the  yellow-green 
part  of  the  spectrum  is  conspicuously  enhanced  in  brightness,  an  effect 
which  is  doubtless  explanatory  of  the  latter  observations  of  Abney.  The 
dilution  of  a  color  with  white  light  can  only  mean  that  the  three  primary 
color  sensations  are  directly  stimulated  in  certain,  probably  equal, 
proportions  by  the  white  light,  and  simultaneously  in  other  proportions 
by  the  color.  The  net  result  of  all  the  stimulations  is  finally  interpreted 
by  the  judgment  as  a  modification  of  the  original  color.  Abney's  obser- 
vations show  a  few  of  such  changes  in  the  hues  of  spectral  colors. 

If  in  Abney's  contrast  experiment  purple  light  had  been  allowed  to 
fall  upon  the  bright  white  surface,  the  change  to  orange  would  have  been 
immediately  recognized  as  conforming  to  established  principles.  But 
white  light  formed  by  a  mixture  of  all  waves  may  become  colored  in  two 
ways:  first,  by  adding  light  of  the  desired  color,  second,  by  selectively 
enhancing  the  sensibility  of  the  proper  sensation  or  sensations  by 
reflex  action  thereby  compelling  the  waves  of  the  color  already  in  the 
white  light  to  excite  these  color  sensations  to  a  much  greater  degree  than 
the  remainder.  The  purple  color  may  be  obtained  by  adding  a  suitable 
mixture  of  red  and  violet  light,  or  by  increasing  the  sensibility  of  the 
corresponding  sensations.  In  Abney's  experiment  the  latter  is  the  mode 
employed.  The  sensation  of  purple  is  formed  by  the  enhanced  excitabil- 
ity of  the  red  and  violet  sensations,  due  to  the  reflex  action  of  green, 

*  Researches  in  Colour  Vision,    p.  255.  * 

^  "On  Reflex  Visual  Sensations"— loc.  cit.  p.  598. 
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aiui  it  is  simulluncously  changed  to  orange  \>y  the  cliaraeleristic  modify- 
ing power  of  white  light  due  also  to  rellex  action. 

There  is  therefore  no  conllict  between  Abney's  contrast  exjierimcnts, 
when  completely  analysed,  and  theexijlanalion  alTorded  by  the  aj)plica- 
tion  of  the  princij)le  of  the  visual  sensory  rellex.  We  may  indeed  go 
furlher  and  >ay  that  in  .Xbney's  aj)parintly  contradictory  experiment 
we  have  a  most  unex|)ected  confirmation  of  the  rellex  princiijle  in  con- 
junction with  the  trichn)matic  theory. 

In  the  paper  by  the  writer  "On  Retkx  X'isual  Sensations'*  it  was 
shown  that  the  rellex  effect  of  color  stimulation  of  one  retina  was 
transferred  to  the  other  so  as  to  produce  enhancement  of  the  sensibility 
(if  all  three  primar\-  sensations,  but  predominantly  of  the  complemen- 
tary of  the  original  color  stimulus.  It  was  then  slated  that  this  effect 
accounted  for  binocular  contrast. 

The  usual  experiment  on  binocular  contrast  found  in  works  on  color 
vision,  is  that  of  llering,  which  is  thus  described  by  Luckiesh*:  "Ilering 
devised  a  most  striking  demonstration  of  binocular  contrast.  Red  and 
blue  glasses  were  placed  in  front  of  the  two  eyes  respectively.  The 
glasses  sloped  away  froni  the  eyes  from  the  n^isal  to  the  temj)oral  side. 
This  permitted  a  control  of  saturation  by  introducing  a  white  image 
from  the  sitles  b\-  rellection.  A  black  stripe  on  a  white  grounil  is  doubled 
by  increasing  or  decreasing  the  ocular  ili\  ergence.  The  observed  ground 
appears  spotted,  alternately  blue  and  red,  and  sometimes  a  purjjlish 
white,  which  is  due  to  retinal  rivalry.  The  stripe  seen  through  the  red 
glass  appears  green  and  through  the  blue  glass  appears  yellow." 

When  this  experiment  is  analysed,  however,  it  apjiears  to  have 
nothing  to  do  with  binocular  contrast,  but  consists  of  two  dilTerent 
experiments  on  uniocular  contrast  j^roceeding  simultaneously. 

Let  us  consider  the  retinal  pattern  formed  by  the  eye  with  the  red 
glass  in  front  oi  it.  The  while  light  from  the  ground  surrounding  the 
black  strii)e  i)asses  through  the  red  glass  and  produces  upon  the  retina 
a  red  image  with  a  black  area  in  the  central  part.  The  red  light  by 
rellex  action  enhances  the  sensitiveness  of  the  three  sensations,  red 
green,  and  violet,  but  predominantly  the  two  latter,  in  the  dark  area. 
The  white  light  from  the  side  source,  reflected  by  the  surface  of  the  red 
trlass  upon  the  retina,  rciidt  r-^  th<^  r(  d  ground  less  saturated.  .thH  <;timn- 

'  Loc.  lit.  p.  615. 

*  Colour  ami  it.«;  .\pplicalions.    p   177. 
Sec  ;il<o.   Hurch,  IMu siological  Optics,  p.  S6. 


382  Frank  Allen  [J.O.S.A.  &  R.S.I.,  9 

lates  the  green  and  violet  sensations  more  than  the  red  in  the  dark 
area,  which  therefore  appears  green  or  bluish-green  in  color. 

Similarly  in  the  other  eye,  the  blue  ground  color  predominantly  en- 
hances the  excitability  of  the  sensations  producing  the  complementary 
yellow  in  the  dark  area,  so  that  the  white  light  from  the  side  source 
causes  that  color  to  be  seen. 

Nothing  in  these  effects  therefore  appears  to  differ  from  ordinary 
contrast,  so  that  binocular  contrast  need  not  be  invoked  to  explain  the 
observations.  Indeed  each  of  the  two  experiments  appears  to  be  identi- 
cal with  the  color  contrast  part  of  Ragona  Scina's  experiment  which 
has  been  described  above. 

Probably  each  eye^oes  affect  the  other  to  some  extent;  but  the  more 
powerful  uniocular  actions  conceal  the  binocular  from  observation. 

Myers,  in  his  work  on  Psychology^",  correctly  refers  Bering's  experi- 
ment to  uniocular  contrast,  and  in  addition  has  described  an  undoubted 
binocular  contrast  effect. "By  fixating  a  nearer  point,  the  student  pro- 
duces double  images  of  a  white  stripe  on  a  black  background.  He  places 
a  red  glass  before  the  one  eye  and  an  equally  bright  grey  glass  before  the 
other.  He  observes  if  the  image  seen  through  the  grey  glass  is  tinged 
with  green  (the  complementary  colour  to  red).  He  then  removes  the 
red  glass  and  observes  that  the  image  yielded  by  the  eye  which  has  been 
covered  with  the  grey  glass,  becomes  a  well-marked  red." 

These  effects  may  be  explained  as  follows.  The  red  light  in  one  eye 
reflexly  enhances  all  three  sensations  in  the  other,  but  more  especially 
its  complementary.  The  white  light  coming  through  the  grey  glass 
first  stimulates  the  green  sensation  in  excess  of  the  others  and  pro- 
portionately fatigues  it,  but  acts  upon  the  red  sensation  to  a  much  less 
degree.  When  the  red  glass  is  removed  the  selective  enhancement  of 
the  sensations  no  longer  operates,  and  the  white  light  then  excites  the 
red  sensation  more  than  the  others,  since  it  has  been  less  fatigued. 

In  uniocular  contrast  a  similar  phenomenon  is  observed  to  which  a 
similar  explanation  applies,  except  that  two  areas  of  a  single  retina  are 
involved  instead  of  the  two  eyes.  To  quote  Myers^^  again:  "But  these 
effects  (complementary)  of  simultaneous  contrast  disappear  on  pro- 
longed fixation  and  are  replaced  by  others  of  a  directly  opposite  charac- 
ter.  The  surface,  which  at  the  beginning  of  fixation  had  evoked  a  con- 

"  Text-Book  on  Experimental  Psychology,  Part  II. 

Experiments  133  and  131,  pp.  87  and  86;  1923. 

See  also:  Schafer,  Text  Book  of  Physiology,  2,  p.  1098;  1900, 
"  Loc.  cit.    Part  I.    p.  76. 
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trust  colour  or  brightness,  now  induces  its  own  colour  or  briprhtness. 
Tills  is  ttrnuil  simultaneous  induction." 

In  passing  we  may  refer  to  two  other  binocular  plRnomena.  In  the 
words  of  Myers'-':  "We  have  yet  to  explain  why  a  steady  image  is  able, 
while  a  llickering  image  is  unable,  to  atTect  the  image  of  the  correspond- 
ing area  of  the  other  eye."  And:  "The  brightness  of  the  combined 
image  of  two  steady  llickerless  lights, respectively  thrown  on  correspond- 
ing retinal  areas,  is  obviously  not  ccjual  to  the  sum  of  the  two  bright- 
nesses. Its  value  is  usually  slightly  above  the  arithmetical  mean  of  the 
brightness  of  the  uniocular  components,  provided  that  these  do  not 
dilTer  too  widely  from  one  another.  When  the  components  are  ecjually 
bright,  the  binocular  increase  has  been  variously  estimated  to  be  from 
one-tenth  to  one-thirtieth." 

The  retlex  curves  of  the  writer'^  show  tliat  the  rellex  effect  of  light 
transferred  from  one  eye  to  the  other,  causes  enhancement  of  the 
brightness,  except  when  the  light  is  dim.  in  which  case  the  brightness  is 
diminished.  lUit  time  is  an  essential  factor  in  producing  results  to  a 
measurable  degree.  The  separate  flashes  of  a  llickering  light  in  one  eye 
have  too  little  lime  in  \\hich  to  enhance  sulTiciently  the  l)rightness  of 
tlu'  light  in  the  other,  .\nother  elTect  also  must  not  be  overlooked. 
Darkness  adaptation  of  t»ne  eye  diminishes  the  brightness  of  light  in 
the  other.  A  llickering  light  produces  intervals  of  darkness  alternating 
with  light,  antl  the  two  elTects  nullify  each  other.  Therefore  both 
phenomena  noted  by  Myers  are  in  conformity  with  the  rellex  principle. 

It  has  long  been  known  that  white  tissue  paper  .spread  over  the  two 
contiguous  color  areas  accentuates  the  contrast  elTect.  This  admits 
of  easy  explanation  by  the  rellex  theory.  Each  of  the  two  contrasting 
colors  enhances  its  complementary  sensations  in  the  area  of  the  retina 
occupied  by  the  other.  Both  colors  stimulate  their  own  sensations,  and 
to  a  limited  extent  the  enhanced  sensations  as  well.  The  tissue  paper, 
however,  rellects  upt)n  the  active  retinal  areas  a  small  amount  of  white 
light  which  contains  all  the  colors  of  the  spectrum.  An  additional 
stimulus  for  each  enhanced  sensation  is  thereby  proviiled.  and  the 
reciprocal  mollification  of  the  coU)rs  is  rendered  much  more  effective  and 
complete.  In  general,  the  same  function  is  performed  by  any  mode 
ol  rellecting  white  light  into  the  eye  so  as  to  cover  the  areas  of  the 
contrasting  colors. 


'c> 


"Loc.  cit.  p.  270. 
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Contrast  is  a  phenomenon  of  such  fundamental  importance  that 
every  theory  of  Color  Vision  must  offer  some  explanation  of  it.  And  it 
is  precisely  this  phenomenon  which  taxes  the  resources  of  every  theory 
to  the  utmost  degree. 

In  elaborating  the  trichromatic  theory  of  Young,  Helmholtz  found  it 
necessary  to  abandon  the  physiological  actions  entirely  in  regard  to 
contrast,  and  therefore  introduced  the  psychological  theory  of  the 
systematic  deception  of  the  judgment.  Many  writers  have  shown  the 
inadequacy  of  this  explanation  for  uniocular  contrast,  and  Myers^'^, 
referring  to  binocular  contrast,  gives  the  conclusive  objection  that  "one 
can  hardly  suppose  that  unconscious  inferences  arising  from  previous 
knowledge  can  be  carried  so  far  as  to  lead  simultaneously  to  two  differ- 
ent errors." 

Edridge-Green^^  considers  contrast  at  considerable  length,  and  says: 
"My  conclusion,  therefore,  is  that  the  contrast  colour  developed  in 
simultaneous  contrast  is  due  to  the  perception  of  an  actual  objective 
relative  difference — in  fact,  the  greatest  difference  which  is  perceptible 
in  the  circumstances,  white  being  not  a  fixed  objective  quality,  but  a 
sensation  produced  by  admixture  of  light  of  certain  wave-lengths." 

The  writer  is  unable  to  grasp  the  meaning  of  this  statement  with 
sufficient  clearness  to  apply  it  to  any  experiment  on  contrast.  It 
appears,  however,  to  regard  contrast  phenomena  as  purely  psychologi- 
cal in  their  origin. 

The  color  theory  of  McDougall  "attributes  simultaneous  contrast 
to  the  inhibitory  action  of  a  given  cortical  visual  process  upon  the  visual 
process  in  the  neighboring  cortical  regions. "^"^  If,  for  example,  a  grey 
surface  with  a  red  area  upon  it  be  fixated,  the  "highly  excited  activity 
of  this  red  area  depresses  the  activity  of  the  red  apparatus  in  the 
neighboring  grey  area  of  the  cortex,  whereby  the  blue  and  green  in  the 
latter  area  predominate  over  the  red  apparatus.  .  .  .It  is  owing  to 
this  supposed  inhibition  of  the  red  that  the  blue-green  colour  is  pro- 
duced." 

If,  however,  the  red  is  inhibited  its  brightness  will  be  destroyed  or 
diminished,  while  the  blue-green  will  retain  the  same  intensity  as  at 
first.  But  the  experiments  of  the  writer  show  definitely  that,  when 
bright,  all  colors  are  reflexly  enhanced  in  brightness,  and  therefore  no 
inhibitory  process  can  be  operative  under  these  conditions.     Many 

"  Loc.  cit.  p.  93. 

'°  Phj'siology  of  Vision,  p   244. 

"  Myers:  loc.  cit.  Part  I,  p.  94. 
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contnist  experiments  also  are  in  luirnioiiy  with  this,  and  show  a  distinct 
brightening  of  the  colors  contrasted.  But  with  contrast-darkening 
etTccts,  which  also  are  known,  it  is  quite  apparent  that  inhibition  does 
occur.  In  these  cases  the  sensory  reilex  arc  would  be  suitable,  and 
probably  necessary,  for  that  purpose.  The  theory  of  McDougall  in  this 
respect  may  therefore  be  partially  correct;  but  the  inhibition  of  colors 
under  certain  conditions  is  not  at  variance  with  the  reflex-  principle,  but 
rather  confirms  it. 

Mrs.  l.add-Franklin  offers  a  theory^'  of  contrast  which  is  highly 
mechanical  and  appears  to  invoK^  quite  impossible  features.  According 
to  it  the  first  color  sensations  were  yellow  and  blue,  which  originated  by 
dirterentiation  of  some  of  the  i)rimitive  grey-molecules  into  color- 
molecules.  In  process  of  time  the  yellow  molecules  became  further 
ditTcrentiated  so  as  to  be  sensitive  to  action  by  waves  of  red  and  green. 

In  order  to  explain  simultaneous  contrast  it  is  supposed,  for  example, 
that  a  red  light  will  deprive  large  numbers  of  the  color  molecules  of 
I  heir  red  constituents,  thereby  leaving  them  partly  mutilated  and  very 
unstable.  The  partially  tlisintegrated  molecules,  however,  still  retain 
their  green  and  blue  constituents.  These  are  swiftly  conveyed  in  large 
numbers  into  the  surrounding  retinal  areas  where  ''their  complete 
destruction  causes  the  phenomenon  of  simultaneous  contrast." 

Parsons  regards  this  explanati(>nof  contrast  as  unsatisfactory,  largely 
for  the  reason  that  the  retinal  circulation  conveying  the  mutilated 
molecules  wouUl  have  to  be  "almost  instantaneous"  over  large  areas  to 
accomplish  the  purpose,  and  no  such  circulation  is  known  to  exist. 

Since  two  contrasting  areas  of  color  modify  each  other,  there  must 
of  course  be  two  circulations  in  opposite  directions.  In  general  there 
must  be  as  many  circulations,  or  as  many  directions  of  tlie  circulation, 
as  there  are  contrasting  colors  in  the  field. 

It  is  obvious  that  binocular  contrast  cannot  be  explained  on  this 
theory.  No  transfer  of  material  particles  from  one  eye  to  tlie  other  is 
l)ossible. 

The  theory  is  unsatisfactory  for  another  reason,  since  the  assumed 
mechanism  u[)on  which  the  whole  theory  depends,  is  by  its  nature 
removed  beyoml  the  limits  of  experimental  inquiry. 

The  theory  of  Hering  may  be  summarised  sulViciently  for  the  present 
purpose  by  quoting  from  the  description  given  by  Myers.*"  "Hering 
assumes  that  ihire  are  two  elementary  systems,  one  of  which  gives  rise 

"  Parsons:  Colour  Vision,  p.  27J;  l'M5 
"  Loc.  cit  p.  88 
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to  red  and  green,  the  other  to  yellow  and  blue  sensations,  and  that 
there  is  a  third  apparatus,  excitation  of  which  gives  rise  to  the  colour- 
less series  of  sensations.  According  to  this  theory,  the  physiological 
actions  of  a  colour  stimulus  and  of  its  complementary  colour  stimulus 
are  antagonistic.  Red,  for  example,  causes  a  katabolic  (or  dissimilation) 
change  in  the  red-green  apparatus,  yellow  a  like  change  in  the  yellow- 
blue  apparatus;  green  causes  an  anabolic  (or  assimilation)  change  in 
the  former  apparatus,  blue  a  like  change  in  the  latter.  The  sensation 
of  orange  results  from  katabolism  in  the  red-green  and  the  yellow-blue 
apparatus,  that  of  purple  from  katabolism  in  the  former  combined  with 
anabolism  in  the  latter  apparatus. 

"Each  apparatus  always  tends  to  recover  equilibrium,  upon  removal 
of  the  stimulus.  After  the  red-green  apparatus  has  been  made  to  under- 
go dissimilation  owing  to  the  'allonomous'  action  of  a  red  stimulus,  it 
proceeds  to  return  to  equilibrium  by  an  'autonomous'  process  of  assimi- 
lation thereby  developing  the  complementary  after-sensation  of  green. 
Thus  one  colour  sensation  automatically  evokes  the  opposite  or  com- 
plementary after-sensation. 

"Hering  explains  the  effects  of  simultaneous  contrast  by  a  similar 
principle.  He  supposes  that  the  process  of  assimilation,  set  up  by  a 
stimulus  in  one  part  of  the  retina,  brings  about  a  process  of  dissimilation 
of  the  same  apparatus  in  neighboring  parts  of  the  retina." 

But  what  is  the  process  or  physiological  mechanism  by  which  an 
effect  in  one  part  of  the  retina  brings  about  its  opposite  in  another? 
Obviously,  retinal  circulation,  dift'usion,  or  a  process  of  conduction, 
like  heat  conduction  for  example,  cannot  be  operative,  as  they  would 
have  to  be  almost  instantaneous  in  their  action.  Further  it  is  not  the 
same,  but  an  opposite  eft'ect  that  the  stimulated  area  of  the  retina 
induces  in  the  surrounding  regions. 

Since  the  phenomena  of  binocular  and  of  uniocular  contrast  are 
similar,  the  same  explanation  must  apply  to  both.  Hering's  theory  that 
a  direct  color  process  in  one  area  of  the  retina  automatically  gives  rise 
to  an  opponent  complementary  effect  in  the  surrounding  regions,  must, 
therefore,  if  correct,  include  the  same  effect  in  the  other  eye  as  well. 
Hering  assumed  that  dissimilation  brings  about  assimilation  of  the 
photochemical  substances,  but  did  not  show  how  it  was  done.  As  his 
theory  stands,  it  fails  to  account  for  binocular  contrast.  But  the 
principle  of  visual  sensory  reflex  action  renders  it  clear  how  areas  in  one 
as  well  as  in  both  retinae,  reciprocally  affect  each  other.  The  reflex 
nervous  impulses,  with  enhancing  power  upon  the  sensations,  travel 
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hack  from  the  visual  i  enlrcs  in  the  same  lime  to  all  parts  of  each  retina. 
Whether  their  efTcct  on  the  visual  receptor  organs  causes  assimilation 
of  some  substance  remains  to  be  proved.  Concerning  this  part  of 
Hcring's  theory,  the  writer  has  no  experimental  evidence  to  offer.  It 
may  be  suggested,  however,  that  the  reflex  impulses  acting  on  the 
receptor  organs  may  produce  a  condition  of  selective  instability  in  the 
photochemical  substances  so  that  certain  waves  may  thereby  be  more 
effective  than  others  in  producing  visuid  stimulation. 

Sherrington"*  concluded  from  his  extensive  experiments  on  the 
binocular  fusion  of  \  isual  sensati(»ns  and  related  phenomena  that 
"only  after  the  sensations  initiated  frcm  right  and  left  'corresponding 
points'  have  been  elaborated,  and  have  reached  a  dignity  and  defmite- 
ness  well  amenable  to  introspection,  does  interference  between  the 
reactions  of  the  two  (left  and  right)  eye-systems  occur.  The  binocular 
sensation  attained  seems  combined  fn)m  right  and  left  uniocular  sensa- 
tions elaborated  independently."  The  further  conclusion  follows  that 
binocular  contrast  and  Fechner's  paradox  are  due  to  a  central  mech- 
anism where  the  separately  elaborated  retinal  sensations  are  fused  with 
consequent  modification  of  their  hue  or  brightness.  With  these  con- 
clusions the  experiments  of  McDougall  ai>pear  to  be  in  accord. 

The  view  advanced  by  the  present  writer  is  that  a  stimulus  acting  on 
one  retina  modifies  the  corresponding  area  of  the  other  by  enhancing 
or  depressing  the  sensitivity  of  the  visual  receptors.  This,  it  was  sug- 
gested, is  accomplished  by  a  sensory  reflex  operating  through  a  central 
mechanism. 

Since  it  is  found  that  uniocular  contrast  is  similar  to  binocular,  and 
that  it  is  due  to  the  same  process,  it  fi)llows  that  Fechner's  paradox 
should  also  occur  when  two  adjacent  areas  of  a  single  retina  are  em- 
ployed. 

It  is  interesting  and  suggestive  to  note  that  Sherrington'"  also  slates 
that  "The  'immediate  spinal  induction'  exemplified  by  reflexes  has  a 
counleriiarl  in  visual  irradiation,  \isual  contrast,  if  translated  into 
tenns  of  reflex  contraction,  bears  close  resemblance  to  'successive 
spinal  imluction'.  The  features  of  fatigue  repeat  themselves  in  both 
sets  of  phenomena." 

The  increiised  sen.siliveness  of  the  sensations  by  reflex  influence  is 
api)arent  alnu^si  immediately  after  the  direct  stimulation  begins.     Rut 

'»  IntcRrative  Action  of  the  Nervous  System,  p.  381. 
•'•  Ibid.  p.  387.    Sec  also  p.  20S. 
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since  fatigue  or  depression  of  sensitiveness  also  accompanies  the  direct 
action  of  color,  a  longer  interval  of  time  is  required  for  the  two  actions 
to  reach  some  condition  of  equilibrium.  During  this  period  changes  in 
hue  or  brightness  of  a  color  will  be  observed,  as  the  three  sensations 
approach  equilibrium  in  unequal  times.  In  this  way  we  may  explain 
the  changes  in  color  which  occur  with  time  of  fixation.  When  the 
direct  action  of  light  ceases,  the  reflex  discharge  may  continue,  and  so 
produce  the  complicated  series  of  negative  after-images.  This  subject 
is  too  involved  for  present  consideration.  But  it  may  be  suggested 
generally  that  positive  after-images  are  due  to  impulses  which  reach 
consciousness  through  stimulation  of  the  afferent  nerves;  negative 
after-images  arc  due  to  nerve  discharges  in  the  efferent  portion  of  the 
reflex  arc. 

An  effective  conclusion  to  this  paper  may  be  found  in  the  following 
remarks  of  Myers.^i  ''The  close  resemblance  of  binocular  to  uniocular 
contrast  compels  us  to  suppose  either  that  colour  sensations  are  of  more 
central  origin  than  is  commonly  believed,  or  that  a  direct  nervous 
connection  exists  between  the  two  retinae  whereby  stimulation  of  one 
eye  leads  to  retinal  changes  in  the  opposite  eye.  Such  nervous  connec- 
tion has  been  demonstrated.  Further,  we  know  that  movement  of  the 
cones,  produced  in  one  eye,  leads  to  cone  movement  in  the  opposite  eye. 
But  this  reaction  is  too  slow  to  explain  the  immediacy  of  binocular 
contrast.^  It  has  been  suggested  that  the  electrical  variation  in  the  two 
eyes,  which  is  known  to  occur  after  uniocular  stimulation,  may  be  the 
physiological  basis  of  binocular  contrast." 

Further  (p.  100),  "Nothing  is  more  certain  than  that,  in  addition  to 
the  more  peripheral  processes,  central  processes  are  also  involved,  in 
elaborating  visual  sensations.  But  at  present  we  are  powerless  to 
separate  the  one  from  the  other;  we  can  only  speak  of  changes  in  one 
vast  unravelled  complex,— the  cerebro-retinal  apparatus." 

The  nature  of  a  visual  sensory  reflex  arc  involves  central  processes  in 
Color  Vision,  one  effect  of  which  is  the  enhancement  of  the  primary 
sensations  in  the  retina.    In  this  and  other  papers  the  writer  has  en- 
deavoured to  show  that  it  is  now  possible  to  separate  or  distinguish  the 
direct  from  the  reflex  actions  of  color,  and  so,  it  is  hoped,  to  proceed 
one  step  farther  in  the  unravelling  process  to  which  Myers  alludes. 
Department  of  Physics, 
University  of  Manitoba, 
Winnipeg,  Canada. 

21  Loc.  cit.  p.  268 
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Synop-sis. 

In  this  communication  a  description  is  given  of  the  method  of  stud\ing 
the  tactile  sensation  by  measuring  tlie  critical  freijuency  of  percus'sion 
of  air  pulses  Mhen  they  become  fused  into  a  continuous  sensation.  By 
applying  the  method  K.  the  index  finger  of  the  right  hand,  a  normal 
curve  is  obtained  for  a  range  of  air  pressures  from  10  cm.  to  5-0  cm. 
of  mercury.  The  measurements  show  that  there  are  two  fusion  points 
of  intermittent  stimuli,  which  are  designated  superficial  and  deep  touch. 
By  plotting  the  time  values  of  the  critical  frequencv  of  percus.sion 
against  the  logarithms  of  the  air  pressure,  the  curves  become  straight 
lines  conforming  to  the  equation  D=  -  K  log  P-f  ('.  Each  curve 
consists  of  two  straight  lines  of  cUflferent  slope,  which  are  analogous  to 
similar  effects  in  light  and  sound  perception.  In  light  the  efTect  has  been 
attributed  to  rod  and  cone  vision.  It  is  shown  that  it  mu.st  be  referred 
rather  to  some  property  that  all  sensory  nerves  possess  in  common. 

The  effect  of  fatigue  upon  the  critical  frequency  of  percu.s.sion  was 
mea.sured,  and  its  curve  was  found  to  lie  above  the  normal  but  exactly 
similar  to  it.     This  is  also  the  .s<ime  as  in  light  and  sound. 

Reflex  enhancement  of  the  tactile  sensitioii  was  produeed  by  tigiitly 
bandaging  the  third  digit  Mhile  the  critical  frequencv  of  percu.ssion  was 
measured  for  the  index  finger.  The  measurements  showed  that  the 
enhancement  curve  lies  below  the  normal,  similar  to  the  etfect  i)ro- 
duced  in  one  eye  by  fatiguing  the  other.  Keflex  enhaneement  from 
the  other  fin L-crs  was  also  obtained  with  Hke  results.  Similar  effects 
were  obtained  for  both  first  and  second  fusion  points. 

The  curves  for  each  fusion  point  converge  and  intersect  at  what  is 
termed  an  ■  eciuiiibrium  pressure,"  where^  reflex  and  fatigue  effects 
appear  to  vanisji. 

The  presence  of  direct  fatiguing  (afl\>rent)  and  reflex  enhancing 
(eflerent)  effects  in  the  tactile  sensation  is  applied  to  tactile  contrast  and 
after  images  .  Webers  law  is  di.-^cussed  and  shown  to  be  the  difference 
between  t^^ ..  opposing  physiological  processes  whose  laws  are  unJinown 
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The  principle  of  the  sensory  reflex  is  used  in  discussing  sensory  tone, 
Waterston's  principle  of  fluctuation  of  sensory  response,  and  the 
phenomena  of  itching  and  tickling.  Attention  is  directed  to  the  prob- 
able analogous  pain  reflexes  by  which  referred  pain  may  be  explained. 
The  possibility  of  antagonistic  sensory  reflexes  is  also  discussed. 


The  Normal  Curves. 

This  investigation  is  an  extension  to  the  sensation  of  touch  of  the 
recent  researches  of  one  of  the  authors, ^  which  brought  to  light  a  new 
phenomenon  in  the  domain  of  the  receptor  end-organs  concerned  in 
vision.  In  two  papers  it  was  shown  by  many  experiments  that  when 
an  area  of  one  retina  is  stimulated  by  light,  the  surrounding  areas  as 
well  as  the  other  retina  become  reflexly  affected,  so  that  the  threshold 
of  stimulation  of  those  receptors  is  lowered  and  their  sensitiveness 
enhanced.  In  the  actual  receptors  stimulated  it  was  further  shown  that 
there  are  in  constant  operation  opposing  actions  between  the  direct 
fatiguing  force  and  the  enhancement  brought  about  by  the  reflex  process, 
between  which  the  receptors  are  always  in  a  state  of  equilibrium. 

This  discovery  to  a  very  great  extent  can  be  attributed  to  the 
method  of  study,  which  is  the  utilisation  of  the  critical  frequency  of 
flicker  as  a  measure  of  the  sensitiveness  of  the  retinal  receptors.  Though 
periodic  interruption  of  external  stimulation  has  been  employed  for 
many  centuries,  especially  in  vision,  it  has  not  been  realised  until  lately 
that  fundamentally  it  is  an  accurate  method  of  determining  the  sensi- 
tiveness of  receptor  organs  generally.  When  in  the  case  of  light  the 
retina  was  fatigued,  the  critical  frequency  of  flicker  was  diminished 
below  the  normal  rate,  and  when  the  sensations  were  enhanced,  it  was 
increased  above  the  normal.  By  comparing  the  frequencies  measured 
when  the  retina  was  in  the  normal,  fatigued,  and  enhanced  condi- 
tions, the  state  of  the  visual  receptors  could  be  determined  with 
precision. 

The  same  method  of  study  has  also  been  applied  in  our  laboratory 
to  the  investigation  of  problems  in  the  perception  of  sound. ^  By 
means  of  interrupting  a  ray  of  sound  the  critical  frequency  of  pulsation 
or  flutter  of  tones  was  measured  when  the  ear  was  in  its  normal  and 
afterward  in  a  fatigued  condition.  The  peculiarities  induced  in  the 
auditory  mechanism  by  fatiguing  it  with  definite  tones  were  elucidated, 
but  the  apparatus  was  not  well  adapted  to  the  detection  and  measure- 

1  Ai^liEN,  "On  reflex  visual  sensations,"  Journ.  Op.  Soe.  Amer.,  1923,  vii.  583  ; 
"  On  reflex  visual  sensations  and  color  contrast,"  ibid.,  1923,  vii.  913. 

2  "  On  the  critical  frequency  of  pulsation  of  tones,"  Miss  M.  Weinberg  and 
F.  Allen,  Phil.  Mag.,  1924,  xlvii.  50;  "  On  the  effect  of  aural  fatigue  upon  the 
critical  frequency  of  pulsation  of  tones,"  Miss  M.  Weinberg  and  F.  Allen,  ibid., 
p.   126  ;    "On  the  effect  of  fatiguing  the  ear  with  combinations  of  two  or  more 

•  tones,"  M.  Weinberg,  ibid.,  p.  142. 
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ment  of  reflex  effects.      Ihrse  were  therefore  left  f<jr  future  investigation 
by  improved  experimental  eonilitions. 

80  successful  was  this  method  of  studying  the  state  of  receptivity 
of  sensory  end-organs  in  these  senses,  that  it  was  decided  to  extend  it 
to  the  tactili'  sensiition.  Up  to  the  present  time  the  chief  means  of 
measuring  the  tactile  state  of  the  skin  \\as  the  use  of  glass-wool  fibres 
attached  to  wooden  handles,  and  by  their  means  the  force  of  the  liminal 
stimulus  was  determined.'  This  device  had  a  very  limited  range  of 
u.sefulness,  which  was  exhausted  when  the  (hfTerent  parts  of  the  integu- 
ment of  the  body  were  compared  and  classified  in  the  order  of  their 
sensitiveness. 

Our  idea  was  to  use  interru])tetl  stimuli  upon  some  part  of  the  skin, 
and  to  determine  their  rajiidity  when  the  separate  sensations  became 
fused  into  continuity.  In  light  a  similar  phenomenon  is  called  the 
critical  frequency  of  flicker,  and.  as  just  remarked,  the  corresponding 
.  ])henomenon  in  sound  is  called  the  critical  fretjuency  of  pulsation  or 
flutter  of  the  tone.  So  in  the  tactile  sensiition  the  siime  peculiarity 
may  appro])riately  be  termed  the  critical  frecjuency  of  percussion. 

Considerabli'  ditticulty  was  ex])erienced  at  first  in  fintling  a  means 
of  stimulating  tiie  skin  interrujjtedly,  and  at  the  s<ime  time  measuring 
the  force  of  each  stimulus.  Obviously  no  solid  point  of  stimulus  could 
be  used,  for  it  would  l)i'  almost  impossible  to  measure  the  force  of 
imj)act  and  always  to  obtain  constant  conditions.  The  difficulty  was 
finally  overcome  by  employing  air  under  pres.sure  as  the  means  of 
stimulation.  The  advantages  of  employing  a  jet  of  air  as  a  source  of 
interrupted  stimulation  are  :  first,  its  jiressure  can  be  definitely  con- 
trolled and  accuratily  measured  by  a  mercmy  manometer  ;  second,  it 
is  elastic,  and,  after  striking  the  skin,  it  rapidly  effuses  into  the  surrcjund- 
ing  air  ;  third,  the  ])ressure  with  which  it  .strikes  the  skin,  when  the 
latter  is  at  a  constant  distance  from  the  nozzle,  is  chrectly  proportional 
to  the  })ressure  in  the  manometer. 

To  interrupt  the  air-stream  a  di.^k  8  inches  in  diameter  was  made, 
with  twelve  equal  openings  separatetl  l)y  the  siime  number  of  inter- 
spaces of  equal  width,  each  subtending  an  angle  of  lo"  at  the  centre  of 
the  disk.  This  was  rotated  by  a  small  electric  motor  (D.C.)  whose 
sj)eed  was  regulated  roughl\  by  a  rheostat,  and  more  aeeurately  Ity  a 
leather  brake,  in  order  to  adjust  it  to  tlu-  i)tiint  where  the  intermittent 
sensations  became  just  continuous.  By  means  t)f  a  sj)eed  counter 
attached  to  the  motor  everv  fiftieth  revolution  was  electricallv  rtH?orded 
on  a  chronogra})h,  together  with  iialf-.second  intervals  from  a  elix-k. 
Thus  we  have  the  data  for  evaluating  the  duration  of  a  single  stimula- 
tion at  the  critical  fre(iueney  of  i)ercussit)n.  From  analogy  with  light 
we    may    loncliKlr   that    in    both    auditory   and    tactile   sensi\tions   this 

'  Starlim;,    "Huninn  Pliysiolop>-  '  (3ril  ed.),  p.  G30  ;    C.  S.  Sherrincton,  in 
ScH.\FKRS  '•Text-book  of  Physiology,"  1900,  ii.  927. 
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time  interval  measures  the  duration  or  the  persistence  of  the  positive 
after-image  in  undiminished  strength. 

The  part  on  which  it  was  decided  to  study  the  effect  of  intermittent 
stimuli  was  the  skin  on  the  volar  aspect  of  the  terminal  phalanx  of  the 
index  finger  of  the  right  hand.  This  part  was  selected  because,  as  judged 
by  the  needle  method  previously  referred  to,  it  is  the  most  sensitive 
part  next  to  the  tongue,  nose,  and  lips,  and  also  because  it  is  the  part 
most  easily  applied  to  the  instrument  of  measurement. 

In  all  the  experiments  about  to  be  described,  the  nozzle  from  which 
the  air  issued  was  1-5  mm.  in  diameter,  and  the  distance  from  its  tip 
to  the  skin  of  the  finger  was  always  2-3  cm.  This  distance  was  chosen 
because  it  happened  to  be  the  shortest  distance  within  which  the  disk 
could  rotate  with  safety.  The  nozzle  was  directed  so  that  the  air  jet 
was  perpendicular  to  the  plane  of  the  disk  and  to  the  stimulated  area 
of  the  finger.  A  suitable  stand  was  made  on  which  the  ulnar  edge  of 
the  hand  could  rest  while  measurements  were  made  upon  the  finger. 

In  making  readings  a  constant  routine  was  followed.  First,  the 
finger  was  rested  for  about  ten  minutes,  during  which  nothing  was  touched 
by  it.  Then  the  air  pressure  was  adjusted  to  the  desired  amount  by 
the  left  hand.  The  right  was  then  placed  on  the  stand  provided,  in  the 
position  just  described.  The  index  finger  was  placed  in  position  opposite 
the  nozzle  and  the  disk  set  in  rotation.  Its  rate  was  accurately  adjusted 
by  means  of  the  rheostat  and  brake,  which  were  operated  by  the  left 
hand.  These  adjustments  occupied  from  fifteen  to  twenty  seconds. 
When  the  critical  point  of  fusion  of  the  stimuli  was  reached,  the  chrono- 
graph was  started  by  a  foot  pedal.  By  means  of  the  brake,  the  left  hand 
maintained  the  speed  of  the  disk  exactly  at  the  critical  point.  The 
mercury  manometer  was  kept  in  view  so  that  any  variation  of  pressure 
which  might  invalidate  the  reading  could  be  detected.  From  the  chrono- 
graphic  record  the  time  interval  of  a  single  stimulus,  or  the  duration  of 
the  sensation  in  undiminished  strength,  was  then  evaluated.  From 
two  to  four  such  readings  were  made  for  each  pressure,  and  the  mean 
of  these  was  taken  as  the  final  result. 

It  should  be  remarked  that  one  cannot  obtain  consistent  readings 
with  this  method  at  the  outset.  It  requires  a  great  deal  of  patience 
and  training  before  accurate  readings  can  be  made.  One  of  the  authors 
was  for  a  time  compelled  to  block  his  ears,  because  the  fusion  of  the 
interrupted  sound  of  the  apparatus  was  often  confused  with  the  fusion 
of  the  tactile  impulses.  With  practice,  however,  this  difficulty  dis- 
appeared. One  should  be  able  to  make  consistent  readings  in  a  week 
by  practising  with  the  apparatus  for  a  couple  of  hours  each  day.  Diffi- 
cult as  it  was  to  get  consistent  results  at  first,  the  final  readings  obtained 
when  one  had  become  accustomed  to  the  use  of  the  apparatus  were  so 
accurate  that  separate  measurements  of  the  critical  frequency  of  per- 
cussion for  the  same  pressure  often  varied  by  not  more  than  1  per  cent. 


On  the  Tactile  Sensory  Reflex 


555 


At  the  beginning  of  this  work  the  nsults  were  rather  confusing, 
irreguhir,  and  discouraging.  At  times  tlie  readings  would  agree  very 
well,  and  at  other  times,  for  no  apparent  reason,  a  very  much  smaller 
reading  would  l»e  obtained  for  the  Siime  pressure  of  the  air.  It  was 
finally  decided  to  take  a  great  nundu-r  of  readings  and  ph^t  them  indi- 
vidually on  the  graph  paper.  Much  to  our  surprise  it  was  found  that 
the  points  arranged  themselves  along  two  curves,  one  much  lower  than 
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the  other,  it  was  now  ((Mite  appannt  tiiat  there  wi-re  two  j)oints  of 
fusion  of  interrupted  stimuli.  This  was  verified  hy  starting  the  rotation 
of  the  disk  very  slowly  at  some  pressure  of  the  air  until  one  fusion  {)oint 
was  reached.  The  speed  was  then  increased  and  the  sen.*yition  again 
became  interrupted.  On  further  increasing  the  speed  a  second  point 
was  reached  where  there  was  apparent  fusion  of  the  stimuli.  Tiiis  second 
fusion  point  is  not  of  the  sjime  nature  as  the  first  ;  it  was  less  sjitisfying. 
so  to  speak,  hut  still  it  was  a  definitely  measurable  point  of  fusion. 
In  making  reaciings.  then-fore,  care  was  taken  to  observe  and  record 
which  fusion  point  was  under  observation.  Consequently  the  problem 
resolved  itself  into  the  investigation  of  the  relation  between  the  critical 
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frequency  of  percussion  and  the  air  pressure  at  the  first  fusion  point 
and  at  the  second. 

The  significance  of  these  two  fusion  points  we  do  not  at  present 
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Fig.  1. — Normal  tactile  persistency  curves. 


understand.     The  first  quite  probably  represents  a  superficial,  and  the 
second  a  deep  tactile,  sensation. 

The  normal  curves  were  obtained  in  the  manner  already  described, 
and  the  measurements  are  given  in  Table  I.  The  corresponding  curves 
are  plotted  in  fig.  1.  In  the  first  investigation  of  the  first  fusion  point 
the  ordinary  dry  finger  was  used.     Readings  were  obtained  mth  diffi- 
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c  ulty,  especially  at  tlit-  lii^'lur  pn^ures,  beeauHf  of  the  tlryiug  effect  of 
the  air  pulses  upon  the  skin,  \shieh  quickly  hccaiiic  dry  and  hard,  and 
therefore  less  sensitive.  This  is  shown  in  the  rt]t£ure  by  its  position 
relative  to  the  other  normal  curves,  .Since  the  tlrying  effect  was  dis- 
concerting, it  was  decided  to  use  water  with  which  to  moisten  the  finger 
before  each  reading.  \'cry  consistent  results  were  easily  obtained,  but 
there  was  still  a  defect  in  that  the  finger  w(»uld  get  cold  on  account  of 
the  ra])id  evaporation  of  the  water.  It  was  linally  decided  to  use  a  thin 
film  of  vaseline  as  a  covering  for  the  finger-tip.  It  served  ideally  for  the 
purpose.     It    tUd    not    evaporate,    and    consequently    the    temperature 


TABT,r:  II. — XoKMAL,  Faticve.  and  Kef-lex  ('crves.     Second  Fusion  Point. 


t 

I'r.->ure. 

Log  p. 

D 

D 

D 

D           i 

Normal. 

Normal. 

Fatigue. 

Reflex. 

Cm.  of 

Water. 

Vaseline. 

Vaseline. 

Va.>ieline.      , 

Mt-nurv. 

St'f. 

See. 

StM.-. 

Set-. 

10  " 

(1 

0(-i0585 

0-00425 

000751 

0OO330 

1-2 

0-079 

0-00535 

000379 

0-00G62 

0-00305 

1-4 

01 4(5 

(i-(i(i4sO 

0-OO335 

0-00585 

0(M»285        ! 

1-6 

0-204 

0-00438 

OOU320 

0-004i»5 

0-00274 

1-8 

0-255 

0-003U6 

0-00305 

0-00437 

0-OO2t>4 

20 

o:5(ii 

o-o(i37o 

0-O(»2!>5 

0-(t0381 

o-(»02t'>0 

2-2 

n-:}42 

0- 003  5  2 

00027  5 

000353 

o- 00240 

2-4 

(••380 

0-00335 

0-00270 

0-00320 

0-W245 

2-6 

ti-n,-) 

O-0O3O5 

0-oo2.'>*.> 

0-oo2'J7 

0-OO235 

2-8 

(1-447 

0-002H5 

0- 002  4  5 

O-OO270 

000228 

30 

0-477 

0-00285 

000232 

,    , 

.    , 

3-2 

0-505 

o-ooic.i 

0-O022(t 

•  • 

•   • 

3-4 

(hr,:v2 

o-(io24."i 

•• 

remained  constant.  The  ringer-tip  was  always  kept  soft  and  im- 
pressionable. It  will  be  seen  from  the  curves  in  rig.  I  that  the  va.'ieline 
normal  is  the  lowest  of  the  three  ft)r  the  rirst  fusion  point,  and  there- 
fore the  skin  is  most  sensitive  when  it  is  applied.  The  water  curve 
is  above  the  normal  for  vaseline,  which  we  believe  is  solely  due  to  the 
teTnj)i-raturt'  elTeet  of  the  evapt)ration  t>f  the  water.  We  know  from 
ex])eriment.  although  we  have  not  taken  a  complete  curve,  that  when 
the  ringer  is  cold  it  is  less  sensitive,  anil  therefore  relatively  high  readings 
are  obtained. 

The  second  fusion  point  was  investigated  in  a  similar  manner,  and 
two  normal  eiii  ves  were  oVitained.  one  with  water,  the  other  with  vaseline. 
The  measurements  for  these  are  given  in  Table  II..  and  the  curves  are 
also  shown  in  rig.  1.  They  maintain  the  siune  relative  position  as  the 
corresponding  curves  for  the  rirst  fusion  ])oint.  indicating  that  the  finger 
is  more  sensitive  when  vaseline  i>  npplietl  and  thus  no  cooling  efiect 
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produced.     From  the  figure  their  position  relative  to  the  curves  for 
the  first  fusion  point  may  also  readily  be  seen. 

The  laboratory  in  which  the  experiments  were  conducted  was  always 
comfortably  warm,  sometimes  uncomfortably  so.  Since  the  sensitive- 
ness of  the  skin  decreases  with  decrease  of  temperature,  it  is  evident 
that  there  is  an  optimum  temperature  for  the  tactile  sensation  as  for 
all  vital  processes. 

As  the  fig.  1  shows,  the  normal  curves  connecting  the  duration  of 
the  impression  at  the  critical  frequency  of  percussion,  D,  and  the  air 
pressure,  P,  are  not  straight  lines.  The  regular  curvature,  however, 
suggested  that  some  linear  relation  existed  between  these  two  quantities. 
By  plotting  logarithms  of  the  pressure,  and  the  time  intervals  obtained 
at  the  critical  frequency.  Table  I.,  the  graphs  are  shown  in  fig.  2  to  be 
straight  lines  with  an  abrupt  change  of  slope  at  the  pressure  of  4-4  cm. 
for  the  first  fusion  point,  and  at  the  much  lower  pressures  of  1-4  cm. 
(vaseline  curve)  and  1-8  cm.  {water  curve)  for  the  second. 

It  is  also  to  be  noticed  that  the  change  of  sIojdc  of  the  lower  portions 
of  the  curves  for  the  second  fusion  point  is  in  the  opposite  direction  to 
that  of  the  curves  for  the  first.  This  shows  that  increase  of  pressure 
has  much  less  proportionate  effect  upon  the  deep  tactile  sensation  than 
upon  the  superficial.  Further,  the  opposite  changes  of  slope  will 
obviously  cause  intersection  of  the  curves  for  the  two  fusion  points, 
which  indicates  that  at  a  pressure  somewhat  higher  than  our  greatest 
experimental  value  the  superficial  and  deep  tactile  sensations  become 
indistinguishable  from  each  other  and  merge  together  forming  a  single 
tactile  sensation. 

With  one  exception  the  curves  described  in  this  communication 
were  obtained  by  Hollenberg.  In  fig.  6,  however,  there  is  shown  a 
normal  (vaseline)  curve  obtained  by  Allen,  the  data  for  which  are  given 
in  Table  I.  This  lies  much  above  the  corresj^onding  normal  (vaseline) 
obtained  by  Hollenberg,  the  two,  however,  converging  and  ultimately 
meeting.  The  change  of  slope  occurs  at  the  same  pressure  in  each  of 
the  two  curves.  As  far  as  generalisation  from  two  cases  is  permissible, 
it  appears  that  normal  tactile  sensations  differ  with  indi^^duals  in 
sensitiveness.  No  doubt  the  customary  manual  occupations  have  their 
influence.  The  disparity  in  age,  one  being  double  the  other,  between 
the  authors  may  likewise  account  for  the  difference.  It  also  suggests 
that  study  of  many  individuals  may  bring  to  light  phenomena  of  touch 
analogous  to  anomalous  vision  and  colour  blindness  in  sight.  It  is 
especially  to  be  noted,  that  though  only  one  curve  obtained  by  Allen 
is  given  here,  yet  sufficient  measurements  under  fatigued  and  various 
enhanced  conditions  of  the  tactile  sensation  were  obtained  by  him  to 
verify  and  confirm  the  more  extended  measurements  of  Hollenberg. 

The  normal  curves  all  conform  to  the  equation 

D=-KIogP+C, 
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where  D  is  the  time  interval  at  the  critical  frequency  of  percu(>8ion,  P 
the  pressure  of  the  air.  and  K  and  (_'  are  constants  tlepending  upon  the 
nature  of  the  physiolo<:i(al   processes  involved  and  the  experimental 
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method  of  investigation.  It  is  the  constants  that  vary  from  curve  to 
curve,  and  in  the  two  parts  of  tiie  indivi^luai  curves.  The  negative 
sign  indicates  tiiat  the  duration  of  impressions  at  the  critical  fre(iuency 
of  percussion  decreases  in  direct  proportion  to  the  increase  of  the 
logarithm  of  the  air  pressure. 
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For  the  normal  (vaseline)  curve  of  Hollenberg,  fig.  2,  curve  C,  the 
equations  with  numerical  values  of  the  constants,  K  and  C,  for  the  upper 
and  lower  branches  of  the  curve  respectively,  are  : 

D=  —00833  log  P  +  -0089 
D=--0158    logP  +  -0135. 

In  vision,  when  the  logarithms  of  the  intensity  of  illumination,  I, 
are  plotted  against  the  reciprocals  of  the  duration  of  the  sensation  at 
the  critical  frequency  of  flicker,  D,  we  obtain  a  similar  equation  : 

^=KlogI+C, 

which  is  known  as  the  Ferry-Porter  law.  This  law  applies  to  white 
light  as  well  as  to  colours.  One  of  the  curves  obtained  by  one  of  the 
authors  in  an  investigation  ^  on  colour  vision  is  here  reproduced  in  the 
lower  part  of  fig.  3.  This  also  shows  an  abrupt  change  of  slope  at  a 
certain  low  value  of  the  illumination.  It  will  be  noticed  that  the  slope 
of  this  curve  is  in  the  positive  direction  instead  of  the  negative  as  in  the 
tactile  sensation. 

Much  to  our  surprise,  on  reviewing  the  paper  by  Weinberg  and 
Allen,  "  On  the  Critical  Frequency  of  Pulsation  of  Tones,"  referred 
to  above,  we  found  that  the  curve  obtained  by  plotting  the  logarithms 
of  the  intensity,  P,  of  the  tone,  against  the  critical  frequency  of  pulsa- 
tion, D,  consisted  of  two  similar  straight  lines  with  a  change  of  slope, 
which  conform  to  the  equation  : 

D=KlogP+C. 

This  curve  is  given  in  the  upper  part  of  fig.  3.  It  may  be  noted  here 
that  in  the  original  paper  this  characteristic  feature  of  the  curve  was 
not  detected,  and  a  different  equation  involving  the  square  root  of  log 
P  was  erroneously  given.  This,  however,  was  corrected  in  a  later 
communication  ^  to  the  same  journal.  In  the  three  equations  to  the 
curves  for  measurements  on  the  different  senses,  the  numerical  values 
of  the  constants,  K  and  C,  are  of  course  not  the  same. 

Thus  for  the  three  senses  so  far  investigated  by  the  method  of  inter- 
mittent stimulation,  we  find  a  direct  logarithmic  relation  between  the 
intensity  of  stimulation  and  the  time  interval  of  the  stimulus  when 
at  the  critical  point  of  fusion.  This  uniformity  in  the  response  of  the 
three  types  of  sensory  end- organs  to  intermittent  stimulation  is  indeed 
a  remarkable  phenomenon,  but  it  is  to  be  expected  when  we  realise 
that  embryologically  the  retina,  the  auditory  receptors,  and  the  peri- 
pheral nerves  with  their  sensory  end-organs  are  all  developed  from  the 
same  source,  the  neural  epithelium  of  the  ectoderm. 

^  AXLEN,  "  The  persistence  of   vision  of   colours  of   varying  intensity,"  Phil. 
Mag.,  1919,  xxxviii.  87. 

2  Phil.  Mag.,  1924,  xlvii.  941. 
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The  change  of  slope  of  the  curves  in  the  three  sensation>*,  Ught, 
Bound,  and  touch,  shows  that  at  s«jnie  definite  intensity  of  stimuhition 
there  is  a  definite  change  in  the  sensitiveness  (jf  tfie  receptors.  There 
are  two  po.ssible  explanations  of  this  :    fir.st.  that  the  change  is  in  the 
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by  sound  (upper)  nnd  light  (lower). 

receptor  organs  proper,  and  indicates  thai  ai  a  definite  intensity  of 
stimulation  their  sensitiveness  becomes  greater  or  less  :  second,  that 
when  this  critical  inte?isity  is  exceeded  the  ntrve  impulses  have  either 
a  freer  or  a  inorr  hindered  passage  through  the  synaptic  resistances 
of  the  retlcx  arc.     This  change  of  slope  evidently  represents  a  general 
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property  of  the  sensory  nervous  system,  and  in  all  cases  is  either  an 
end-organ  effect  or  a  central  synaptic  effect.  In  the  case  of  the  eye 
the  change  in  direction  of  the  curve  has  always  been  attributed  to  a 
change  from  rod,  or  scotopic,  vision  to  cone,  or  photopic,  vision.  For 
this  reason  it  has  been  used  in  support  of  the  "  duplicity  theory  "  of 
vision  of  von  Kries.^  In  view  of  the  occurrence  of  this  peculiarity  in 
the  analogous  curves  for  the  other  sense  organs  besides  the  eye,  the 
effect  probably  cannot  be  ascribed  to  the  two  kinds  of  receptors.  It 
seems  clear,  therefore,  that  the  phenomenon  does  not  support  the 
duplicity  theory  of  von  Kries.  But  a  general  and  more  fundamental 
duplicity  theory  may  now  be  formulated  in  the  light  of  these  curves 
for  the  sensory  systems  so  far  studied,  that  in  each  sensory  system 
there  is  some  critical  intensity  of  stimulation  at  which  the  rate  of 
response  to  interrupted  stimuli,  or  the  sensitiveness,  suddenly  increases 
or  decreases. 

Since  we  have  just  considered  the  curves  for  light,  sound,  and  touch, 
it  is  interesting  to  compare  the  relative  responsiveness  of  these  three 
sensoria,  as  measured  by  the  critical  frequency  method,  at  the  intensities 
of  stimulation  to  which  they  are  usually  subjected.  It  is  found  that 
the  tactile  sensation  is  most  responsive,  then  hearing,  and  finally  sight. 
For  example,  in  moving  pictures  in  order  that  a  continuous  sensation 
may  be  obtained  the  pictures  must  appear  in  succession  at  the  rate  of 
about  20  per  second.  If  we  were  to  have  an  analogous  device  for  pro- 
ducing a  continuous  sensation  of  touch,  the  rate  of  separate  impulses 
would  have  to  be  about  50  per  second  for  the  lowest,  and  200  for  the 
highest  pressure  employed  in  this  investigation. 

These  conclusions  are  in  agreement  with  Starling. ^  "  The  tactile 
apparatus  is  smarter  in  its  response  than  any  other  of  the  sense  organs. 
On  this  account  stimuli  are  still  perceived  as  discrete,  when  they  are 
repeated  at  a  rhythm  which  would  result  in  complete  fusion  in  the  case 
of  any  of  the  other  sense  organs.  .  .  .  The  sensations  evoked  by 
placing  the  finger  against  the  edge  of  a  cog-wheel  do  not  become  con- 
tinuous until  the  wheel  is  revolving  at  such  a  rate  that  the  stimulation 
on  the  skin  by  the  serrations  occurs  at  a  greater  rate  than  500  or  600 
per  second." 

From  the  physical  point  of  view  the  order  of  responsiveness  of  these 
three  sensations  seems  paradoxical.  But  if  the  dynamical  equivalents 
of  the  liminal  stimuli  of  the  sensations  be  accepted  as  the  criteria  of 
relative  sensitiveness,  it  is  evident  that  the  order  will  be  reversed,  the 
eye  being  the  most  sensitive,  then  the  ear,  and  finally  the  tactile  sense. 
Roughly,  the  responsiveness  to  intermittent  stimuli  varies  inversely  as 
the  sensitiveness. 

1  Paesons,  "Colour  Vision,"  p.  208. 

^  Op.  cit.,  p.  630.     Also  Sherrington,  op.  cit.,  p.  924. 
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Tactile  Fatigie. 

The  effect  of  fatigue  upon  the  tactile  sensation  was  now  studied. 
The  part  of  the  index  fin^rer.  the  volar  face  of  the  termiiml  phalanx, 
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Fig.  4. — Curves  showing  fatigxio  (und  eixh»\ncement  of  the  superficial  tactile  seiuviition. 

upon  \vhi(.h  all  measurements  were  made  in  these  investigations,  was 
ruhhod  upon  a  pit^oe  of  paper  smeared  with  vaseline,  with  fair  pressure 
exerteil  l>v  the  arm.  for  about  four  minutes  before  each  reading  of  the 
critical  frequency  of  percussion  was  made.  Fatigue  curves  were  obtained 
for  the  first  and  second  fusion  points  which  are  shown  as  curves.  A.  in  figs. 
4  and  ">.  the  data  for  which  are  given  in  the  columns  marked  "  Fatigue  " 
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in  Tables  III.  and  II.  respectively.  By  comparing  these  curves  with 
the  normals,  B,  in  each  figure,  it  will  be  seen  how  pronounced  is  the 
effect  of  fatigue  of  the  receptor  end-organs  upon  the  critical  frequency 
of  percussion  for  each  fusion  point.  The  change  of  slope  of  the  fatigue 
curve  for  the  first  fusion  point,  fig.  4,  occurs  at  nearly  the  same  pressure 
as  the  normal  value.     It  is  obvious  also  that  the  normal  and  fatigue 


Table  III. — Fatigue  and  Reflex  Ctxrves.     First  Fusion  Point. 
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0-00724 

0-00855 

0-00756 

0-00820 

,   , 

1-2 

0-079 

0-00822 
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0-00660 

0-00792 

,    , 

,    , 
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0-00763 
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0-00707 
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0-00545 
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,    , 

0-00652 
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,    , 

,    , 
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0-301 

0-00628 

0-00817 

0-00472 
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0-00595 
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0-00555 

0-00465 

,    , 

2-4 
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0-00405 
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,    , 
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0-00417 

2-6 
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0-00367 

0-00485 

0-00400 
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0-00349 
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0-00465 
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0-00448 
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J    , 

0-00420 
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0-00427 
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,    , 

,    , 

,    , 

3-6 

0-556 

0-00411 

0-00575 
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0-00366 

,    , 

0-00375 

,    , 

3-8 

0-580 

0-00390 
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0-00345 

,    , 

,    , 

0-00255 
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0-602 

0-00373 

0-00544 
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0-00339 
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0-00353 

0-00523 

0-00305 
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0-644 

0-00330 

0-00480 

0-00281 

,    , 

000322 

,    , 

4-6 
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0-00270 

0-00395 
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5-0 
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0-00240 

0-00340 

0-00244 

curves  converge  and  would  intersect  at  a  pressure  above  our  experi- 
mental values  for  which  D  would  measure  about  0-001  second. 

In  the  case  of  the  second  fusion  point,  fig.  5,  the  change  of  slope  of 
the  fatigue  curve  occurs  at  a  higher  pressure  than  normal,  the  precise 
values  being  1-9  cm.  and  1-4  cm.  respectively.  This  displacement  of 
the  break  in  continuity  may  possibly  be  adduced  as  evidence  that  the 
change  in  physiological  sensitiveness  is  in  the  end-organ  proper  and 
not  in  the  synaptic  resistance  of  the  arc. 

The  effect  of  fatigue  upon  the  sensations  of  light  and  sound  were 
experimentally  determined  and  discussed  in  the  papers  to  which  refer- 
ence has  been  made  above.  In  these  two  senses  also  the  fatigue  curves 
lie  above  the  normal  as  in  the  tactile  sensation. 
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Tactile  Enhancement. 

The  prc)l)lein  that  next  pri'sentecl  itself  for  solution  was  the  pro- 
duction and  measurement  of  the  retiex  enhancement  of  the  tactile 
sensation,  as  had  Ikiii  done  by  Allen  in  the  sensjition  of  light.  The 
most  obvious  manner  of  accomplishing  this  was  bv  fatiguing  the  tactile 
sensiition  in  an  adjacent  tiuger  and  observing  the  effect  on  the  index 
finger,  in  analogy  with  Allkns  method  of  fatiguing  one  retina  with  a 
colour  ami  observing  the  enhancement  of  the  colour  sensiitions  in  the 
other.  Accordingly,  the  observer  tied  a  rather  tight  elastic  bandage 
around  the  third  lUgit  of  the  right  hand,  placed  a  little  vaseline  on  the 
index  finger,  and  proceeded  to  take  readings  as  usual.     At  first  one  was 

vol.  .\IV..  no.  J.— 1924.  24 
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conscious  of  the  presence  of  the  bandage,  but  soon  it  was  forgotten. 
Before  the  first  reading  was  made  the  bandage  was  allowed  to  be  on 
the  finger  for  twenty  minutes,  and  it  then  remained  in  place  during 
the  time  required  to  obtain  the  complete  reflex  curve.  The  measure- 
ments for  the  first  fusion  point  are  in  Table  III.  and  for  the  second  in 
Table  II.,  and  the  corresponding  curves  are  shown  in  figs.  4,  E,  and  5,  C, 
respectively.  The  reflex  effect  on  the  sensitiveness  of  the  index  finger 
was  remarkable,  both  in  the  first  and  second  fusion  points.  The  position 
of  the  reflex  curves  below  the  normal  clearly  indicates  that  the  opposite 
effect  of  fatigue  was  produced,  and  that  the  tactile  receptors  in  the 
index  finger  are  greatly  enhanced  in  sensitiveness.  The  curves  again 
are  straight  lines  when  plotted  with  logarithms  of  the  pressure. 

No  change  in  slope  could  be  obtained  in  the  reflex  enhancement 
curve,  E,  fig.  4,  for  the  first  fusion  point,  because  with  our  apparatus 
we  could  not  measure  any  time  intervals  less  than  0-002  second,  which 
would  be  required  if  the  break  in  continuity  is  to  be  obtained.  This 
could  easily  be  accomplished  of  course  by  constructing  a  disk  with  a 
larger  number  of  openings.  In  the  enhancement  curve,  C,  fig.  5,  for 
the  second  fusion  point,  the  change  of  slope  occurs  exactly  at  the  same 
pressure  as  in  the  normal. 

Thus  by  stimulating  one  region  of  the  skin,  an  adjacent  portion 
becomes  more  sensitive.  The  principle  of  reflex  enhancement  of  sensi- 
tivity of  receptors  seemed  to  be  proved.  But  there  were  certain  objec- 
tions which  led  us  to  make  further  inquiry.  These  were,  first,  that 
tying  up  one  finger  would  have  a  psychological  effect  by  compelling 
better  attention  ;  second,  that  the  innervation  of  the  second  and  third 
digits  is  identical.  The  first  objection  really  has  no  weight,  because 
after  a  few  minutes  one  becomes  oblivious  of  the  bandaged  finger,  and 
there  is  no  reminder  to  induce  better  attention.  The  second  objection 
also  becomes  of  little  value,  because  the  fibres  that  supply  the  third  are 
separate  from  those  that  supply  the  index  finger,  and  any  effect  observed 
in  the  latter  must  be  due  to  central  action  brought  about  by  the  fatigue 
of  the  former  digit.  However,  in  order  to  demonstrate  conclusively 
that  the  enhancement  passed  from  receptors  supplied  by  one  nerve  to 
receptors  supplied  by  another,  the  fifth  digit  was  treated  in  a  similar 
manner  to  the  third  by  wrapping  it  tightly  with  a  piece  of  Esmarch 
bandage.  Fifteen  minutes  after  this  was  applied,  the  readings  were 
begun  with  the  index  finger,  and,  as  expected,  enhancement  was  found 
to  result.  The  data  for  this  curve,  as  well  as  for  all  fatigue  and  enhance- 
ment curves  for  the  first  fusion  point,  are  given  in  Table  III.  The 
curve,  C,  fig.  4,  shows  undoubted  enhancement,  though  not  to  so  great 
an  extent  as  in  the  case  of  fatigue  of  the  third  digit.  This  effect  was 
measured  only  for  the  first  fusion  point.  Thus  fatigue  of  the  ulnar  nerve 
causes  enhancement  of  the  receptors  of  the  median  nerve,  for  the  volar 
aspect  of  the  ungual  phalanx  of  the  index  finger  is  supplied  by  the 
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latter  nerve.  Since  the  reflex  enhancement  of  the  tactile  sensation  from 
the  fatigued  or  .stiniuhitetl  fifth  digit  was  smaller  than  from  the  third, 
the  measurements  could  be  extended  to  higher  pressures.  The  curve,  C, 
therefore  shows  the  characteristic  change  of  slope,  which  occurs  also 
at  the  siime  pressure  as  in  the  normal  curve, 

A  few  measurements  were  also  made  of  the  enhancement  due  to 
stimulation  of  the  fourth  digit  in  the  siime  manner  as  before.  The  feu- 
readings  are  given  in  Tabh-  HI.,  but  they  are  not  plotted  in  the  figures. 
They  indicate,  however,  that  the  enhancement  curve  is  slightly  above 
that  for  the  third  digit.  E.  tig.  4.  No  doubt  the  more  complex  innerva- 
tion of  the  fourth  (Ugit  compensates  for  its  greater  distance  from  the 
index  Hnger  than  the  thirtl. 

Post-fatigue  and  Ligut-tolcu  £miancemext. 

During  the  .-^tudy  of  the  eflfects  of  fatigue,  it  was  found  that  a  remark- 
able enhancement  of  the  tactile  receptors  of  the  index  finger  was  pro- 
duced by  waiting  a   few   minutes  after  fatiguing  it   before  the  critical 
frequency    measurements    were    made.     This   form    of   enhancement    of 
the  sensitiveness  of  the  skin  we  have  termed  post-fatigue  enhancement. 
A  partial  curve.  D.  Hg.  4.  was  obtained  under  such  conditions,  and  it 
can  readily  be  .-^een  that  the  amount  of  enhancement  is  large  and  signi- 
ficant.    The  data   are   in   Table    111.     This   po.st-fatigue   enhancement 
greatly  elucidates  the  Jiature  of  the  underlying  tactile  processes.     As 
is  the  case  in  vi.sion.  the  fatiguing  alTerent  .stimuli   bring  about  reflex 
enhancement  of  the  sensitiveness  of  the  receptor  end-organs.      During 
the  time  of  stimulation,  the  fatiguing  eflect  exceeds  the  enhancement 
which  proceeds  pari  ;></,»</   with  it.  and  fatigue  predominates.     When 
stimulation   cea.ses.    fatigue   shortly   di.siippears,   but    the  enhancement 
continues  to  atTect  the  recejitors.  ami  when  the  sensitiveness  of  the  skin 
is  measured  it  shows  enhancement  due  presumably  to  continued  reflex 
discharges.     It  would  be  diflicult  to  explain  these  effects  on  any  other 
basis,  especially  when  we  consider  the  evidence  which  the  next  experi- 
ment adds  to  the  argument. 

Working  on  the  hypothesis  that  the  atlerent  stimulus  causes  an 
efferent  or  reflex  discharge  which  enhances  the  receptors,  and.  further, 
that  the  state  of  receptivity  or  sensitiveness  of  any  receptor  is  the  alge- 
braic sum  of  fatigue  and  reflex  enhancement,  reatlings  were  made  after 
the  same  area  of  the  index  Hnger,  constantly  used  for  this  purpose,  had 
iHH^n  very  slightly  Stimulated  or  fatigued  by  gently  rul)bing  it  on  vase- 
hned  paper.  The  oi)ject  of  this  procedure  was  to  transmit  to  the  central 
nervous  system  liminal  or  extremely  low  afferent  stimuli.  The  curve 
so  obtained  is  shown  in  C.  Hg.  (3,  in  comparison  with  the  siime  normal 
curve,  B.  used  with  all  the  fatigue  and  reflex  curves  for  the  first  fusion 
point.     This  indicates  definite  enhancement  to  be  present.     The  same 
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efifect  was  also  observed  when  the  index  finger  was  gently  stimulated  by 
light  touches  with  the  edge  of  a  piece  of  paper  which  j)roduced  a 
tickling  sensation.    Evidently  the  liminal  or  smallest  appreciable  afferent 
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Fig.  6. — A  and  B,  normal  tactile  persistency  curves  of  the  authors.     C,  curve 

showing  light-touch  enhancement. 

impulse  can  evoke  an  efferent  response  which  enhances  the  receptors 
to  a  far  greater  extent  than  the  direct  stimulus  fatigues  them.  This 
«ffect  we  have  designated  light-touch  enhancement. 
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Convergence  of  the  Cl'rves. 

On  excuniiiijig  the  curves  in  Hgn.  2,  4,  5,  and  6,  one  cannot  fail  to 
notice  that  thi-  curves  for  each  of  the  fusion  points  are  strongly  con- 
vergent in  their  lower  branches  and  in  some  cases  in  the  upper  as  well. 
Even  the  normal  curves  of  the  authors  in  tig.  6,  while  far  apart  at  first, 
converge  and  intersect  at  the  pressure  stimulus  of  'lO  cm.  The  same 
phenomenon  also  occurs  with  the  normal  eurves,  tig.  2,  obtained  with 
water  and  vaseline,  for  both  fusion  points,  though  the  point  of  inter- 
section is  not  the  siime.  Since  the  normal,  fatigue,  and  enhancement 
curves  for  l)oth  fusit>n  points,  tigs.  5  and  0,  converge  and  meet,  we  may 
infer  that  at  the  pressure  of  intersection,  fatigue  ami  enJiancement  cease 
to  be  ditferentiated  or  to  be  distinguishable  from  the  normal  condition 
of  the  tactile  sensation.  Part  (»f  this  may  be  tlue  to  the  fact  tlmt  to  an 
increasing  extent  fatigue  accompanies  the  act  of  measurement  as  the 
pressine  increases.  Whatever  may  be  the  explaniition.  the  occurrence 
of  e(iuilil)rium  jjressures  at  which  fatigue  and  retiex  elTects  balance  each 
other,  is  .-strikingly  analogous  to  the  occurrence  in  vision  of  six  equilibrium 
colours  ^  in  the  spectrum,  which  produced  neither  fatigue  nor  enhance- 
ment of  the  colour  .sensations.  As  there  are  three  visual  seiLSiitions. 
the  larger  numl>er  of  ecjuilibrium  coloius  is  due  to  the  numerous  visual 
interactions.  In  touch  there  appear  to  be  two  tactile  sensations  and 
two  equilibrium  pressures. 

T.\ctile  Contr.\st  .\nd  After-lmages. 

It  \\as  often  (tbserved  when  reaiUngs  of  the  critical  frecjuency  of 
percussion  were  being  made,  that  when  the  sensations  aroused  by  the 
intermittent  air  pressure  appeared  continuous  on  the  area  of  the  linger 
studied,  they  were  instantly  perceived  as  intermittent  on  a  fresh  adjacent 
area  when  the  finger  was  (juickly  moved.  This,  no  doubt,  is  due  to  slight 
fatigue  of  the  first  area  antl  simultaneous  enhancement  of  the  second. 
It  is  perfectly  analogous  to  enhanced  colour  antl  light  efTects  founil  in 
the  retina  on  areas  ailjacent  to  the  one  fatigued,  which  are  described 
in  the  paper  on  colour  contrast  referred  to  al)ove.  This  etleot  was  u-r.l 
to  explain  the  modification  of  colours  anil  light  by  simultaneous  contrast. 
It  seems  t|uite  probable  that  phentunena  analogous  to  contra.^t.  both 
simultaneous  and  successive,  are  to  be  found  in  the  tactile  as  well  as 
in  the  other  cutaneous  sensiitions.  For  example,  gently  rubbing  the 
finger  simultanet)usly  over  two  contiguous  areas  of  different  degrees  of 
smoothness  would  probalily  cause  each  to  modify  the  tactile  perception 
of  tlie  other.  Two  uiunjually  heated  or  cooled  areas  also  might  tend  to 
intensify  each  otiier.  Successive  contrast  might  be  found  to  occur  by 
touching  a  smooth  surface  after  a  rough,  or  the  reverse. 
^  Allen,  '"  On  reflex  visual  sensations,"  op.  cU, 
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In  the  case  of  vision  it  was  formerly  suggested  by  Allen  that  positive 
after-images  were  probably  due  to  the  persistence  of  afferent  stimulation, 
and  negative  after-images  to  efferent  discharges.     It  seems  probable, 
therefore,    that    similar    phenomena    should    characterise    all    sensory 
receptors.     In  touch,  the  existence  of  the  curves  obtained  by  the  per- 
sistence of  the  tactile  sensations  is  itself  proof  of  the  presence  of  positive 
after-images.     Negative  after-images  are  not  so  easy  to  identify,  and 
we  are  unable  at  present  to  designate  any  phenomenon  undoubtedly 
illustrative  of  that  efferent  effect.     It  appears  probable  that  they  will 
be    found    associated    particularly    with    post-fatigue    and   light-touch 
enhancement.     We  may,  however,  cite  as  an  example  of  one  or  other 
of  these  effects  the  persistence  of  the  sensation  which  results  from  pressing 
a    cold    coin    against    the    forehead.     The    following    quotation    from 
Sherrington  ^  seems  also  to  be  in  harmony  with  the  suggestion  :    "  This 
difference  between   nerve   and  end-organ  does   not,  however,   hold  if 
the  stimulus  to  the  latter  is  but  little  above  liminal, — then  the  touch  is 
felt  for  a  moment  after  contact,  and  speedily  subsides.     It  may  be  again 
felt  for  a  moment  at  the  sudden  discontinuance  of  this  stimulus  ;    in 
this  the  reaction  resembles  many  reflexes  obtainable  from  the  spinal 
cord,  where  discontinuance  of  a  prolonged  stimulation  evokes  a  renewal 
or  an  increase  of  a  reflex  reply  that  had  ceased  or  become  feeble. 
'  Touches  '  evoked  by  brief  stimuli,  even  of  very  slight  intensity,  especi- 
ally from  the  region  of  the  nose,  may  persist  for  very  long,  or  leave  a 
very  protracted  after-sensation.     The  prolongation  of  the  sensation  is 
of  an  itching,  tickling  quality,   and  may  continue  even  for  minutes. 
This  secondary  sensation  may  be  due  to  a  local  vascular  reflex  initiated 
by  the  stimuli,  for  the  itching  spot  can  generally  be  seen  to  be  flushed." 
It  is  possible  that  the  "  secondary  sensation  "  of  the  peculiar  quaUty 
described  may  be  the  negative  tactile  after-image. 

The  well-developed  phenomena  of  adaptation  in  the  sense  of  touch 
are  also  quite  analogous  to  similar  phenomena  in  vision. 

It  is  quite  probable  that  all  sense  organs  possess  the  same  general 
fundamental  properties  characteristic  of  direct  and  reflex  sensory 
action,  such  as  positive  and  negative  after-images,  simultaneous  and 
successive  contrast,  complementary  sensations,  and  adaptation.  But 
the  extent  to  which  each  is  developed  in  a  sense  organ  depends  on  the 
nature  of  the  organ  and  the  purpose  for  which  it  is  adapted.  The 
phenomena  characteristic  of  binocular  vision  have  their  analogies  in 
other  sensory  systems.  As  we  have  shown,  one  finger  affects  another 
tactually,  precisely  as  one  eye  affects  the  other  visually.  Binocular 
visual  enhancement,  which  is  the  cause  of  contrast,  is  paralleled  by 
bidigital  tactile  enhancement,  which  probably  also  produces  what  may 
be  termed  bidigital  contrast.  Even  the  Cyclopean  eye  has  its  equivalent 
in  the  other  senses,  and  particularly  in  the  tactile  sensation.  For  when 
1  Schater's  "Text-book  of  Physiology,"  1900,  ii.  925.  This  also  refers  to  adaptation. 
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the  lingers  touch  an  object,  tlie  impression  is  not  five-fold,  but  unitary, 
and  its  j^osition  is  not  referred  to  any  one  finger.  Probaljly  also  pheno- 
mena aimhjgous  to  colour  blindness  and  anomalous  colour  vision  are 
likewise  to  be  found  in  all  sensoria. 


\N  .EBtii  s  Law. 

The  existence  of  the  reflex  enhancement  of  the  sensitiveness  of 
receptors,  which  always  accomj)anies  the  direct  or  fatiguing  action 
of  a  stimulus,  fundamentally  alters  the  interj>retation  of  Weber's 
law.  Following  Pakson.s,'  the  law  may  be  stated  thus  :  "  The  just 
aj)preciable  increase  of  stimulus  bears  a  constant  ratio  to  the  origiiuil 
stimulus." 

*'  Stated  algebraically,  if  E  is  the  measure  of  a  sensation  and  5E 
the  just  apprecialjle  difference,  S  the  measure  of  the  stimulus  and  8S  a 
small  increment,  then 

8E  =  — ^  (Weber's  law), 
o 

where  ('  is  a  con.stant  ;    therefore  on  the  questionable  assumption  that 
it  is  permissible  to  integrate  small  Jin ite  quantities, 

•8S 

S 
r  log  S+C  (Fechner's  law), 

where  ("  is  another  constant." 

Thus  Fechner's  law  .states  that  the  sensation  varies  as  the  logarithm 
of  the  stimulus. 

The  law  to  whicli  the  exj)erimental  data  in  the  preceding  figures 
conform,  D=  —  K  log  P-f  C.  is  also  true  in  light  and  sound.  Obviously 
it  is  analogous  to  the  expression  for  Fechner's  law,  from  which,  indeed, 
as  applied  to  vi.sion,  it  has  been  derived  by  Peddik.* 

The  accuracy  with  which  the  measurements  of  the  critical  frequency 
of  percussion  fit  the  curves,  as  well  as  similar  measurements  in  light  and 
sound,  clearly  proves  that  between  the  limits  of  .stimulation  employed, 
Fechner's  law  is  correct,  as  is  also  the  more  fundamental  law  of  Weber 
upon  w  Inch  it  ultimately  rests. 

But  Wel)er"s  law  has  been  believed  to  refer  only  to  the  direct  action 
of  a  stimulus,  since  there  was  no  knowledge  of  a  concomitant  enhancing 
sensory  reticx  The  oj)posing  physiological  actions  concerned  were, 
however,  always  operative  in  the  experiments  by  which  the  law  was 
tested.  The  law,  therefore,  is  not  fundamental  in  regard  to  the  two 
physiological  actions  involved,   but   represents  the  difference  between 


E=n^ 


'  "Colour  Vision."  p.  19.     For  another  method  of  deriving  Fecliner's  law  see 
Myer5.  'Text-book  of  Experimental  Psychologj-,"  1922,  part  i,  p.  248. 
*  Parsoxs,  "Colour  Vision,"  p.  162. 
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them.  Weber's  law  would  probably  be  entirely  different  if  experiments 
were  made  upon  sensory  receptors  from  which  the  reflex  enhancement 
of  sensibility  were  entirely  eliminated,  leaving  the  result  of  the  direct 
action  alone  to  be  perceived. 

We  may,  therefore,  represent  Weber's  laM^  thus  : — 

^|=±/(A)=F/'(E), 

where  the  two  right-hand  members  of  the  equation  respectively  represent 
unknown  functions  of  the  direct  afferent  and  reflex  efferent  actions  of 
the  stimulus  on  the  receptor  organs.  It  is  always  the  algebraic  sum  of 
these  two  effects  that  is  perceived. 

The  situation  in  regard  to  the  law  in  question  is  much  the  same  as 
would  be  the  case  were  a  mathematical  law  of  action  to  be  deduced 
from  measurements  on  the  attraction  of  two  magnetic  poles  if,  at  the 
same  time,  an  electrostatic  repulsion  were  operating  between  them  of 
which  the  experimenter  was  unaware.  A  law  might  be  formulated,  but 
it  would  represent  the  difference  between  the  two  opposing  forces. 

From  the  standpoint  of  physiology,  Weber's  Law  is  in  a  similar 
position.  In  reality  it  is  not  a  primary  law  of  action  at  all,  but  repre- 
sents the  difference  between  the  two  fundamental  sensory  processes, 
each  of  which  no  doubt  can  be  mathematically  formulated. 

But  the  exact  forms  of  both  functions  indicated  in  the  above  equation 
are  unknown.  All  that  we  know  is  that  their  difference  integrates  into 
a  logarithmic  function.  If  either  of  the  unknown  Junctions  is  experi- 
mentally determined,  the  other  can  then  be  deduced  from  the  equation. 
Possibly  this  might  be  accomplished  by  using  a  drug  which  would 
prevent  the  efferent  nerves  from  functioning,  without  interfering  with 
the  afferent.  Or  the  efferent  impulses  might  be  inhibited  by  employing 
antagonistic  sensory  reflexes  from  some  appropriate  source.  The  direct 
effect  of  the  stimulus  upon  the  unenhanced  receptors  might  then  be 
separately  determined. 

From  this  standpoint  it  is  not  to  be  wondered  at  that  Weber's 
law  does  not  hold  for  extreme  intensities  of  stimulation,  both  high 
and  low.  In  the  case  of  light  and  colours  falling  upon  the  retina,  there 
is  during  the  first  hundredth  or  fiftieth  of  a  second  an  "  overshooting  " 
of  the  sensation,  which  causes  blue  light  to  be  perceived  with  five  times, 
and  red  light  with  twice,  its  normal  intensity.  This  is  most  probably 
due  to  the  initial  development  of  the  enhancement  of  the  visual  receptors 
by  the  sensory  reflex.  During  the  time  of  adjustment  of  the  two 
physiological  actions  in  light  perception,  and  in  all  sense  organs,  the 
normal  ratio  of  afferent  to  efferent  effects  would  probably  be  greatly 
disturbed.  We  have  seen  from  experiment  that,  in  the  case  of  light- 
touch,  enhancement  of  sensitiveness  greatly  predominates  over  fatigue, 
a  phenomenon  that  may  also  exist  in  the  other  sensory  receptors,  though 
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no  experimental  proof  (»f  this  occurs  to  tiie  writers.  It  cannot  be 
expected  therefore  that  Weber 'h  law  formulated  for  medium  values 
of  8timulati<jn  w  ill  also  apply  to  values  so  small  as  to  cause  enliancement 
to  predominate  over  fatigue.  The  full  kiKJwledge  of  tlie  behaviour  of 
both  physiological  processes,  however,  will  (bjubtless  bring  both  high 
and  low   intensities  uiidrr  one  comprehen>ive  law  (jf  action. 

Sensory  Tone. 

Dr  Alexander  CJibson.  F.K.C.S..  has  directed  our  attention  to  the 
significant  fact  that  the  state  of  equilibrium  maintained  between  the 
fatiguing  and  enhancing  actions  in  the  tactile  sensorium  is  analogous 
to  tonus  in  muscular  tissues.  In  the  latter  the  tone  serv'es  the  purpose 
of  giving  etticient  and  prompt  contraction  of  the  muscle  when  an  external 
stimulus  is  aj)plied.  So  in  the  tactile  sen.siition  the  receptors  may  be 
sj)oken  of  as  being  in  "  .sensory  ""  tone  between  the  direct  and  reflex 
influences  which  are  striving  to  maintain  a  condition  of  great  sensitive- 
ness and  readiness  to  permit  in.stant  perception.  This,  no  doubt,  is 
true  of  all  the  sense  organs.  The  principle  is  particularly  exemplifled 
in  visual  and  auditory  perception,  w  lien-  the  rec-eptors  are  able  to 
function  for  long  periods  of  time  witlujut  fatigue. 

Fluctuation. 

In  recent  investigations  l)y  W'aterston  *  it  was  found  that  a  marked 
fluctuation  occurred  in  the  number  of  cold  and  heat  spots  in  any  one 
area  of  the  skin.  In  considering  his  experiments  he  concludes  :  *'  The 
spots  are  readily  exhausted  by  a  repetition  of  the  stimulus.  This  is 
an  important  phenomenon,  but  of  greater  importance  is  the  observation 
we  have  nuide,  that  dulling  of  one  spot  is  accompanied  by  the  awakening 
to  thermal  sensibility  of  an  adjacent  spot.  If  the  point  of  a  flne  metal 
probe  cooled  to  the  recjuisite  degree  is  brought  into  contact  with  a  cold 
spot,  and  the  touch  repeated  again  and  again  at  intervals  of  about  a 
seconil.  at  flrst  the  contact  produced  a  clear  antl  distinct  sensi\tion  of 
cold.  After  a  few  contacts,  however,  the  sensation  of  cold  is  no  longer 
excited  by  the  stimulus,  but  that  of  touch  only.  The  cold  sensation 
nuiy  disiippcar  after  two  t^r  three  contacts,  or  only  after  some  eleven  or 
twelve,  and  it  may  tli.sj\ppear  and  then  reappear  one  or  twice,  and  then 
disiij)pear. 

"  If  now  the  stimulus  point  be  moved  slightly  to  one  or  other  side, 
the  sensiition  of  cold  is  at  once  set  up  from  a  spot  from  wliich  before  no 
such  sensi\tion  was  elicited. 

"  The  explanation  of  this  varying  activity  of  the  spots  constituted  a 

*  "The    sonsorv  activities  of    the    skin  for   touch    and    temperature,"    Brain, 
1923,  xlvi.  200. 


374  Allen  and  Hollenberg 

puzzling  difficulty  until  we  came  to  realise  that  we  were  dealing  with  a 
general  character  of  the  physiological  activity  of  organs,  namely,  that 
under  ordinary  conchtions  the  whole  of  an  organ  is  not  in  a  state  of 
activity,  but  a  small  part  of  it  only  ;  that  there  is  a  coming  and  going 
of  activity  among  the  different  parts — change  from  activity  to  quiescence. 
This  feature  we  have  termed  "  fluctuation,"  and  recognition  of  its 
occurrence  affords  an  explanation  of  many  otherwise  extremely  puzzling 
phenomena. 

"  The  sensation  of  itching  or  tickling  shows  the  same  peculiarity. 
If  the  surface  of  the  skin  on  the  hairless  part,  for  example,  on  the  front 
of  the  wrist,  is  gently  rubbed  with  a  bristle,  the  sensation  of  tickling 
is  elicited  distinctly  from  some  parts  and  not  from  others.  If  one  of 
these  sensitive  areas  is  gently  rubbed,  the  tickling  sensation  gradually 
disappears,  but  if  the  bristle  is  moved  to  an  adjacent  area,  usually  distal, 
the  tickling  sensation  is  again  excited  in  an  accentuated  degree. 

"  This  gives  an  explanation  of  why  itching  tends  to  spread  by 
scratching,  for  the  scratching  excites  the  sensitive  part,  and  its  sensitive- 
ness becomes  exhausted  while  that  of  an  adjacent  area  is  in  turn 
excited." 

These  observations  appear  to  be  in  perfect  agreement  with  our 
experimental  evidence  for  the  existence  of  a  tactile  sensory  reflex,  from 
which  the  existence  of  sensory  reflexes  for  the  other  cutaneous  sensa- 
tions is  also  rendered  extremely  probable.  Waterston  recognises  the 
alternation  in  receptivity  of  the  sensory  end-organs,  and  terms  the  end- 
result  "  fluctuation."  But  in  the  experiments  which  have  been 
described  in  detail  above,  it  has  been  shown  that  alternation  in  the 
sensitiveness  of  the  tactile  receptors  is  not  a  primary  effect.  Fluctua- 
tion is  not  due  to  fatigue  alone,  nor  to  enhancement  alone  ;  but  it  is 
due  both  to  fatigue  and  to  the  reciprocal  reflex  action  of  contiguous 
areas  upon  each  other.  This  produces  a  pendular  oscillation  of  fatigue 
and  enhancement  from  one  set  of  receptors  to  the  other.  When  one 
area  is  stimulated  the  effect  does  not  remain  in  that  area  alone,  but  the 
sensitiveness  of  a  large  surrounding  region  is  reflexly  enhanced.  This  is 
indeed  a  fluctuation  in  sensitiveness,  but  the  fluctuation  is  the  result  of 
a  reflex  process.  The  sensory  reflex  and  fluctuation  stand  in  the  relation 
to  each  other  of  cause  and  effect. 

The  two  illustrative  phenomena  of  itching  and  tickling  to  which 
Waterston  refers  may  with  advantage  be  considered  more  in  detail. 

In  the  former,  when  an  area  of  the  skin  becomes  irritated,  rehef  is 
obtained  by  scratching.  This  is  a  process  of  fatiguing  the  sensorium 
by  which  the  sensitiveness  of  the  receptors  that  are  scratched  is  greatly 
reduced,  with  consequent  relief.  But  from  our  experiments  we  know 
that  a  process  of  fatigue  in  one  area  causes  enhancement  of  the  adjacent 
receptors,  which  are  thereby  rendered  supersensitive,  and  the  scratching 
process  has  to  be  transferred  to  them.     The  originally  irritated  area 
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.shortly  becomes  more  irritated,  and  the  scratching  process  must  be 
repeated  with  even  greater  intensity.  This  is  no  doubt  due  partly  to 
post-fatigue  enhancement,  by  which  ail  end-organ  after  fatigue  shortly 
becomes  more  sensitive  than  normal,  and  partly  to  the  reciprocal 
enliancing  action  from  the  secondary  area. 

Jt  is  quite  evident  therefore  that  fluctuation  is  not  a  primary  action, 
or  an  "  inherent  i)r<»perty  of  some  part  of  the  rece])t(jrs,  '  *  but  is  purely 
an  end-result  produced  by  fatigue  and  its  associated  euhaiicing  sensory 
rcHex. 

The  .second  phenomenon  of  tickling,  referred  to  by  Waterston,  is 
of  a  somewhat  difVerent  nature.  Its  occurrence  is  no  doubt  due  to 
light-toueh  enhancement,  tiie  existence  of  which  has  been  experimentally 
demonstrated.  Light  touch  enhances  the  sensitivity  of  the  receptors, 
not  only  in  the  area  stimulated,  but  also  in  the  region  surrounding  it. 
When  the  tickling  point  is  lightly  moved,  it  is  constantly  coming  in 
contact  with  enhanced  receptors,  causing  their  further  enhancement  by 
the  same  })rocess.  Thus,  by  means  of  a  very  weak  stimulus,  motor 
reflexes  are  evoked  of  a  magnitude  which  in  ordinary  circumstances 
would  require  tiie  most  powerful  atferent  .stimuli. 

It  would  appear  to  follow  that  if  the  tickling  point  move  across  the 
skin  with  a  speed  equal  to  the  rate  at  which  the  enhancement  .spreads, 
which  is  the  latent  ])eriod  of  the  reflex,  no  tickling  would  be  i)roduced. 
This  would  imply  a  critical  velocity  of  tickling,  which  experience  shows 
exists,  above  w  hich  no  tickling  could  be  elicited. 

Knowing  the  lengths  of  the  afferent  and  etferent  fibres  to  the  area 
of  the  skin  observed,  and  the  rate  of  nerve  conduction,  from  the  measure- 
ment of  the  critical  velocity  we  might  evaluate  the  reflex  time  or  the 
latent  period  of  the  tactile  reflex. 

The  siime  principle  of  light-touch  enhancement  apj)lies  also  to 
lubricated  areas.  Tlu'  lubricator  prevents  immediate  contact  between 
the  stimulating  agent  and  the  receptors,  thus  evoking  the  greatest 
enhancement  with  the  lea.st  stimulus,  antl  with  avoidance  of  fatigue. 
This  in  turn  may  promote  strong  secretory  and  motor  reflexes.  This 
principle  no  tloubt  api)lies  with  es})ecial  force  to  lubricated  areas,  such 
as  the  mouth,  conjunctiva*,  and  the  genitalia. 

Since  there  are  rhythmical  changes  in  the  capillary  l)lood-supply  of 
the  skin,  it  might  be  suggesteil  that  these  reflex  actions  are  in  reality 
capillary  eflects.  But  it  is  known  that  motor  ami  secretory  reflexes 
are  always  accompanietl  by  increased  i)lood-supply  to  the  reacting  tissue. 
It  is  then  to  be  expected  that  when  the  sensory  end-organs  become 
enhanced  and  their  activity  increased,  their  blood-supply  will  also  be 
augmented  l>y  a  secondary  subservient  vasomotor  reflex. 

'  "  The  law  of  fluctuation,  etc.,"  P.  T.  Hering,  Bram,  1923,  xlvi.  209. 
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Referred  Pain. 

Though  the  experimental  investigations  described  in  this  communi- 
cation are  limited  to  the  tactile  sensation,  the  fact  that  they  are  similar 
to  fatigue  and  reflex  phenomena  in  vision  leads  us  to  conclude  that  they 
are  to  be  found  in  all  sensory  systems.  We  may  assume  with  confidence, 
therefore,  that  like  effects  are  to  be  found  in  the  other  cutaneous  sensa- 
tions, heat,  cold,  and  pain. 

In  consideration  of  the  last  of  these,  pain,  the  reflex  theory  suggests 
interesting  extensions  to  many  phenomena  associated  with  it,  especially 
in  pathological  conditions.  It  often  happens,  for  example,  that  certain 
areas  become  insensitive  to  touch  or  pain.  In  such  cases  the  efferent 
part  of  the  reflex  arc  is  probably  temporarily  inhibited  from  action  or 
blocked,  which  prevents  enhancement  of  the  receptors,  thereby  causing 
an  unusual  degree  of  fatigue  or  depression  of  sensibility  to  result  and  to 
be  maintained.  The  opposite  condition  of  hypersensitiveness  to  touch 
and  pain  also  often  occurs.  This  may  be  explained  by  changes  in  the 
central  nervous  system,  by  means  of  which  unusually  large  efferent 
discharges  are  uncontrollably  released  which  enhance  the  sensitiveness 
of  receptors  to  an  exceedingly  high  degree.  In  this  condition  the 
lightest  stimulus  that  normally  is  scarcely  perceived  would  give  rise  to 
painful  sensations.  In  such  cases  fluctuation  would  entirely  disappear, 
which  in  itself  would  therefore  be  an  indication,  and  probably  the  first 
indication,  of  some  abnormal  condition  in  process  of  development. 

It  may  also  happen  that  when  some  region  is  rendered  supersensitive 
by  inflammation,  strong  afferent  impulses  proceed  to  the  central  nervous 
system  and  give  rise  to  equally  strong  efferent  discharges  by  which  the 
receptor  organs  of  pain  and  touch  are  greatly  enhanced  in  sensitiveness. 
These  enhancing  impulses  may  travel  back  not  only  to  the  original 
receptors  but  to  other  areas  more  or  less  removed  from  them.  Referred 
pain,  therefore,  will  be  felt  in  these  regions  though  the  latter  areas 
are  not  themselves  in  any  pathological  condition.  The  secondary  areas 
so  enhanced  may  in  turn  give  rise  to  referred  pain  in  a  third  area  still 
more  remote  from  the  real  origin  of  the  trouble.  An  example  of  such 
referred  pain  may  be  found  in  the  cutaneous  pain  arising  from  an 
inflamed  appendix,  which  often  gives  rise  to  a  second  referred  pain  in 
the  skin  on  the  opposite  side  of  the  abdomen. 

The  connections  and  distribution  of  the  efferent  nerves  may  also 
cause  referred  pain  in  the  same  area  of  the  skin  arising  from  patho- 
logical conditions  in  different  organs.  Such  a  result  will  naturally 
interfere  with  correct  diagnosis.  It  may  be  possible  to  overcome  any 
confusion  by  minute  delimitation  of  the  supersensitive  areas  which 
accompany  each  undoubted  pathological  condition. 
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Antagonistic  Sensory  Reflexes. 

No  attempt  has  been  made  in  this  investigation  to  discover  whether 
ditierent  phices  or  modes  of  excitation  can  he  found  which  will  elicit 
antagonistic  sensory  reflexes  and  tiierehy  inhibit  the  eidiancement  of 
the  tactile  receptors  in  the  tinger  under  study.  Since  interfering  or 
antagonistic  motor  reflexes  are  known,'  which  make  use  of  the  same 
final  common  path,  analogy  would  suggest  that  similar  phenomena 
should  characterise  all  the  sensory  reflexes. 

In  vi.oion  it  is  known  that  two  colours  can  l)e  mixed  so  as  to  match 
in  hue  a  single  spectral  colour  ;  but  the  mixed  colour  is  always  less 
Siiturated  than  the  single,  which  must  therefore  have  some  white  light 
mixed  with  it  in  order  to  make  the  match  perfect  in  siituration.  One 
of  the  authors  -  has  suggested  that  this  is  explained  l)y  the  fact  that  the 
like  visual  sensory  reflexes  arising  from  the  two  colours  in  the  mixture 
necessiirily  use  the  same  flnal  path,  and  therefore  reinforce  cvich  other, 
causing  a  double  production  of  white  light,  which  the  single  spectral 
colour  cannot  do.  White  light  from  an  external  source  must  therefore 
supply  the  deticiency. 

In  this  phenomenon  there  is  reinforcement  of  like  reflexes.  But 
M'DouOALL  ^  has  shown  that  light  of  one  colour  or  intensity  falling  on 
an  area  of  a  retina  may  be  inhibited  l)y  light  of  another  colour  or  intensity 
falling  u]ion  a  corresponding  area  of  the  other  retina.  These  phenomena 
of  struggle,  rivalry,  or  competition  are  to  be  found  in  uniocular  as  well 
as  binocular  vision.  They  may  be  explained  by  the  principle  of  inhibi- 
tion, and  may  be  regarded  as  instances  of  the  occurrence  of  antagonistic 
sensory  reflexes  necessarily  making  use  of  the  same  final  path  where 
they  interfere.  The  struggle  or  fluctuation  results  from  the  combined 
action  of  fatigue  and  enhancement. 

Since  we  have  no  experimental  evidence  to  present  regarding 
antagonistic  reflexes  in  the  tactile  sensiition,  we  may  suggest  that 
this  principle  Huds  an  illustration  in  the  use  of  counter-irritants  aj)plied 
in  certain  l)odily  disorders. 

For  example,  in  l)ronchitis  there  is  a  contlition  of  eniiancement  of 
sensitiveness  of  certain  receptor  organs  in  the  l)ronchi  which  causes 
the  pas.sj\ge  of  air.  or  the  blood  in  circulation,  to  {jrotluce  irritation. 
Temporary  relief  is  atforded  by  coughing,  which  fatigues  the  receptors. 
This  ill  tinn  juoduces  post-fatigue  enhancement,  with  the  result  that  a 
vicious  cycle  is  set  up,  one  etlect  increasing  the  other  until  fatigue 
ultimately  ]iroduces  exhaustion. 

This  concUtion  may  be  relieved  by  ajiplying  certain  powerful  counter- 
irritants  to  the  skin  of  the  chest.     To  explain  this  eflect.  it   must   be 

*  Sherrington',  "Integrative  Action  of  tlie  Nervous  S\-st«m,"  pp.  138  and  355. 

*  AlXEN,  "  The  reflex  origin  of  tlie  self  light  of  the  retina,"  Joum.  Op.  Soc. 
Amer..  1024.  viii.  270. 

*  r.\RSONS,  "Colour  Vision,"  p.  275. 
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assumed  either  that  some  material  must  pass  from  the  skin  to  the 
bronchi,  or  that  the  effect  is  transferred  by  nervous  action.  The  latter 
is  by  far  the  more  probable.  The  counter-irritant  excites  certain 
receptor  end- organs  which  in  turn  induce  sensory  reflexes.  These  make 
use  of  the  same  efferent  paths  to  the  bronchi  which  are  used  by  the 
enhancing  reflexes  arising  therefrom.  Thus  there  are  two  sets  of  sensory 
reflexes  making  use  of  the  same  final  path.  If  the  reflexes  are  like,  the 
result  is  reinforcement  and  increased  distress.  If  the  reflexes  are 
antagonistic,  inhibition  or  interference  results,  and  no  enhancing  action 
proceeds  to  the  inflamed  bronchi.  Coughing  quickly  fatigues  the  un- 
enhanced  receptors  to  the  point  where  the  existing  stimuli  are  not 
sufficiently  powerful  to  cause  excitation,  and  the  natural  restorative 
processes  of  the  body  may  then  be  allowed  to  heal  the  inflammation 
without  undue  disturbance. 

This  investigation  is  one  of  a  series  of  researches  relating  to  colour 
vision  and  the  physiology  of  receptor  end-organs  now  being  conducted 
under  the  direction  of  Professor  Frank  Allen  with  the  financial  assist- 
ance of  the  Honorary  Advisory  Council  for  Scientific  and  Industrial 
Research,  Ottawa,  to  which  body  we  desire  to  express  our  thanks. 

Depabtment  of  Physics, 

University  of  Manitoba, 

Winnipeg,  Canada.  ' 

26th  March  1924. 
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In  a  fnrnKM-  communication  to  this  Journal  (1)  on  tho  tactile  sensory 
reflex,  by  Allkn  and  HoLi.KNBKUt;.  a  nii'tliod  of  stu<lyinf»  the  sense  of 
touch  was  described  which  was  based  ujmhi  the  measurement  of  the 
critical  frequency  of  ptucussion  of  impulses  of  air  at  various  pres>ures 
and  under  dilTcrcnt  conditions  of  stimulation.  Through  a  tine  nozzle 
a  stream  of  air  at  measured  pressures  was  directed  |K*rj>endicularly 
upon  the  volar  aspect  of  the  terminal  phalanx  of  the  index  finger  of 
the  rigjjt  liand.  'V\\v  jet  of  air  \sas  interrupted  by  a  sectored  disc 
mountetl  on  the  axle  of  an  electric  motor,  by  means  of  which  the  steady 
stream  was  ilivided  into  periodic  impulses  of  any  required  frequency. 
At  each  selected  pressure  of  the  air  fr(»m  10  cm.  to  .'>  U  cm.  of  mercury, 
two  critical  frequencies  of  percussion  were  found  at  which  the  inter- 
rupted imj)ulses  became  fused  into  just  continuous  sen.sations.  These 
were  interpreted  as  intlicating  the  existence  of  a  superficial  and  a  deep 
tactile  sensation. 

When  the  measurements  were  plotted  on  squared  pajH^r  it  was  found 
tiiat  the\'  were  both  represented  by  the  linear  equation 

D=- A-logP+r. 

in  which  1)  i<  the  duration  i»f  the  impulses  at  the  critical  frequency  of 
percussion  ;  P  the  pressure  of  the  air  ;  ami  k  and  c  are  constants, 
which  have  ilitferent  value*<  for  the  two  sensations. 

Eiu'h  of  the  graphs  consisted  of  two  straight  lines  of  tlifferent  sloj>es. 
which  were  ijuite  similar  to  th()se  in  this  pajK-r,  except  that  only  two 
instead  of  three  branches  were  found. 

lioth  tactile  sensatit)ns  were  slu)wn  to  be  susceptiHe  of  depression 
and  enhancement  of  their  sensitiveness  by  stimuli  applied,  for  the  former 
effect,  directly  to  the  part  of  the  finger  upon  which  measurements  were 
made,  and  for  the  latter,  to  the  other  lingers.  It  was  noticed  especially 
that  very  iigiit  stimulation  of  the  digital  measuring  surface  caused  a 
marked  enhancement  of  its  sensitiveness. 

In  very  recent  investigations  in  colour  vision,  shortly  to  be  published, 
it  has  been  found  by  one  of  the  writers  (Allen)  that  changes  in  the 
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intensity  of  a  colour,  when  plotted  in  logarithmic  form,  were  represented 
by  three,  and  in  some  cases  by  four  straight  lines.  It  was  found  also 
that  the  underlying  cause  of  the  change  of  slope  was  a  change  in  the 
ratio  of  the  magnitudes  of  the  enhancing  and  depressing  nervous  impulses, 
conveyed  by  sensory  reflex  action  to  the  receptor  organs. 

The  various  senses  have  been  found  to  be  so  similar  in  their  behaviour 
that  the  same  characteristics  in  the  logarithmic  intensity  graphs  were 
expected  to  be  found  in  each.  An  examination  of  those  already 
obtained  in  an  investigation  in  the  sense  of  taste  (2)  showed  clearly  the 
threefold  linear  structure  of  each  of  the  graphs  for  the  four  primary 
gustatory  sensations. 

In  both  vision  and  taste  it  was  found  that  stimuli  of  very  low 
intensities  depressed,  and  of  medium  intensities  enhanced,  the  sensi- 
tiveness of  the  receptors.  In  other  words,  the  resulting  depression  or 
enhancement  was  the  measure  of  the  excess  of  one  process  over  the 
other,  both  being  actively  and  simultaneously  present. 

It  was  anticipated  that  if  in  the  sense  of  touch  the  measurements  of 
the  critical  frequency  of  percussion  were  made  for  pressures  lower  than 
10  cm.  of  mercury,  which,  as  mentioned  above,  was  the  lowest  previously 
employed,  a  third  branch  of  the  graph  would  be  obtained  corresponding 
to  intensities  of  stimulation  which  caused  light-touch  enhancement. 

The  apparatus  employed  was  the  same  as  that  used  in  the  former 
investigation  with  a  very  slight  rearrangement.  For  it  was  speedily 
found  that  the  finger  was  not  sufficiently  sensitive  to  detect  the  fusion 
of  the  air  impulses  at  such  low  pressures.  The  lips,  however,  proved 
to  be  extremely  sensitive,  and  the  critical  frequency  of  percussion  could 
be  found  with  the  greatest  ease  and  precision.  Accordingly,  a  chin-rest 
was  placed  at  a  suitable  height  so  that  the  air  jet  impinged  perpen- 
dicularly upon  the  centre  of  the  lower  lip.  A  thin  protecting  screen  was 
interposed  between  the  face  and  the  rotating  metal  disc.  In  all  other 
particulars  the  arrangements  were  identical  with  those  described  in  the 
paper  to  which  reference  has  already  been  made.  As  in  the  previous 
investigation,  vaseline  was  thinly  spread  over  the  lip  to  protect  it  from 
the  drying  action  of  the  air. 

In  making  measurements  a  constant  routine  was  followed.  The 
air  was  adjusted  to  a  desired  pressure,  and  the  chin  placed  on  the  rest 
so  that  the  Up  was  in  the  proper  position.  The  disc  was  then  set  in 
rotation,  and  its  speed  increased  until  the  separate  tactile  impulses 
just  fused  into  a  continuous  sensation.  At  this  point  the  chronograph 
record  was  taken  from  which  the  value  of  the  critical  frequency  of  per- 
cussion was  determined. 

The  range  of  pressures  employed  was  from  0'4  cm.  to  46  cm.  of 
mercury. 

The  normal  curves  in  which  the  air  pressures  are  plotted  with  the 
duration  of  the  impulses  at  the  critical  frequency  of  percussion  are  given 
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in  t'lii.    1.      In  Icjgariiliiiiie  form  thty  are  shown  in  lig.   2.      The  exjjeri- 
mentai  measurements  are  tabulated  iu  Table  1.     in  each  Ugure  curve  A 

Table  I. 


Press. 
P. 

cm. 

Duration 
D.— Sec. 

Log^  P. 

Press. 
P. 

Duration 
D.  — Sec. 

!»«•  P. 

cm. 

A 

0-4S 

001  H)0 
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B 
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001140 

T-(i02 

o-ti:{ 

•OlOtln 

I-7y'j 

1 

0  50 

•01040 

I(>99 
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•01 01.". 
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•OOltlll 
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•00972 

I-7(i3 

1-00 

•00870 

0 
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•0080<J 

T845 
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•00825 

•049       ' 
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•0(J775 
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1-47         1 

•oo7r)0 

•167 

1-20 

•0071(1 

■079 

1-70 

•oo7o:>    1 

•230 
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•no  lis  5 
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2-10 

•oo(J5r) 
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\--il 
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2:jo 

•ooti2r) 

•3ti2 
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-17(j 

2-43 

•OOtilt.") 

•3stl 

1-70 

•0(1595 

•230 

2-70 

•00583 

•431 

207 

•00530 

316 

21)") 

•00548 

•47(1 

2-33 

•((((."•(Ml 
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3-3:} 

•00525 

•522 

2-50 

•004 s2 

•398 

3-75 

•004  ItO 

•574 
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410 

4-00 

•00475 
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2  90 

•00427 

■4  (-.2 

4-23 
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•G2G 

3-33 

•00380 

■522 
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•040 
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-00315 

•0O5 

4  ■)'>() 
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4-43 
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a 
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6 

105 

000705 
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•207 
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•00415 
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•(.(04  85 
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2-52 
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3-40 
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•00442 
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•004 1 4 
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401 
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■i:ji 
•:.3i 

c 
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•021 

./ 
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(1 
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is    the    first    series    of    fusion    points,    and    represents    the-    Mij.fi  lirial 
system    of    tactile  sensibility  ;    curve    B.   the  second    snic^   of   fusion 
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points,  represents  the  deep  system.     It  will  be  seen  that  these  results 
confirm  those  previously  obtained  by  Allen  and  Hollexberg. 

In  fig.  2,  curve  A  is  seen  to  consist  of  three  branches,  the  changes 
of  slope  occurring  at  the  pressures  of  about  TO  cm.  and  40  cm.  Curve  B 
is  composed  of  two  branches  with  a  change  of  slope  at  the  pressure 
0'8  cm.  In  all  probability  this  graph  also  has  three  branches,  the 
missing  one  occurring  at  speeds  higher  than  the  capacity  of  our  apparatus 
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1. — Normal  curves  for  the  superficial  and  deep  tactile  sensations  in  the  lower 
lip.     Enliancement  produced  by  light-touch  stimulation  of  the  lower  lip. 


to  measure.  In  the  former  investigation  it  was  found  that  the  changes 
of  slope  of  the  branches  of  the  graphs  for  the  superficial  and  deep  tactile 
sensations  were  in  opposite  directions.  This  was  believed  to  be  due  to 
some  characteristic  difference  in  their  nature.  The  graphs  in  fig.  2, 
however,  show  this  explanation  to  be  erroneous.  For  it  is  now  obvious 
that  in  the  former  paper  the  graph  for  the  superficial  sensation  consisted 
of  the  second  and  third  branches  only,  while  that  for  the  deep  sensation 
consisted  of  the  first  and  second.  From  this  figure  both  sensations  are 
seen  to  behave  in  the  same  manner,  the  deep,  however,  being  more 
sensitive  than  the  superficial. 
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The  sofond  purpose  of  iliis  investigation  was  a  more  detailed  study 
of  lijLiht-toueh  enhancement  than  was  made  in  the  f(jrmer  ]ja|X'r.  The 
lower  lip,  especially  the  j)art  upon  whieli  the  measurements  were  made, 
was  very  gently  stimulated  hy  passing  the  tip  (»f  a  feather  lightly  over 
it  for  about  teti  or  fifteen  seconds,  and  measurements  of  the  critical 
frequency    of    ptrcussidn    immediately    taken.     The    intensity    of    this 
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stimulation   undouhteiliy  would  represent  a   pressure  in  the  upjK'rmost 
branch  of  the  normal  logarithmic  curve. 

The  results  arc  shown  graphically  as  curves  n  and  h  in  Iig.  1  in  the 
tlircct  form,  and  in  tig.  1  in  thi'  logarithmic.  The  contiinious  lines, 
A  and  B.  arc  the  normal  lurvcs,  and  tlu>  broken  lines,  n  and  />.  the 
enhanced.  The  measurements  are  given  in  the  tabic  under  the  same 
letters.  The  lowin-d  position  of  the  curve  a,  below  the  corresjwnding 
normal  A.  imlicates  that  the  sujicrticial  tactile  sensation  ha.s  been  greatly 
cnhaneed  hy  the  stimulation  ;  while  the  nnu-h  smaller  displacement  of 
h  below  its  corrcsponchng  normal  B.  shows  that  the  deep  tactile  sensa- 
tion also  has  been  enhanced,  but  only  very  slightly.  The  differing 
degrees  of  cnhanceuKMit  of  the  two  sensations  are  to  be  ex|)ected,  since 
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the  stimulation  on  account  of  its  very  small  intensity  would  affect 
almost  exclusively  the  receptors  close  to  the  surface  of  the  lip.  These 
results  also  indicate  that  the  two  tactile  sensations  are  not  independent 
of  each  other. 

Even  though  stimulation  with  the  feather  was  very  light,  yet  some 
depression  or  fatigue  of  the  superficial  sensation  must  have  occurred. 
The  enhancement  measured  is,  therefore,  the  excess  of  that  effect  over 
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Fig.  3.— Curves  showing  enhancement  of  the  tactile  sensations  in  the  lower  lip  by 

light-touch  stimulation  of  the  upper  lip. 

the  depression.  The  enhancement  alone  may  accordingly  be  expected 
to  be  much  greater  than  that  obtained  by  stimulation  of "^ the  lower  lip. 
After  gently  stimulating  the  upper  lip  in  the  manner  described,  a  series 
of  measurements  of  the  critical  frequency  of  percussion  on  the  same  area 
of  the  lower  lip  was  made,  which  are  given  in  the  table  under  c  and  d, 
and  are  similarly  indicated  in  fig.  3.  It  will  be  noticed  that  one  series 
of  points,  c,  falls  exactly  on  the  normal  curve  B,  for  the  deep  tactile 
sensation.  These  are  indicated  by  the  crosses  on  that  curve  The  other 
series  of  points  forms  another  curve,  d,  below  B. 

Two  interpretations  of  these  results  are  possible  :     first,  that  the 
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coincidence  of  curve  c  with  B  ropresontK  an  onhancement  of  the  superficial 
tactile  sensation  greater  than  that  slutwn  in  tig.  2.  and  curve  </  about  the 
8anie  enhancement  ui  the  deep  tactile  sensation  a^  hefcjre  ;  second,  that 
the  deep  tactile  sensation  in  the  lower  lip  has  been  unaffected  by  refiex 
action  fioiii  the  ui)per.  and  that  curve  d  represents  an  extraordinary 
degree  of  enhancement  (»f  tlu-  superficial  sensatic^n. 

In  the  senses  of  visicm  and  taste  it  has  always  been  found  that  the 
three  j)rimarv  sensations  of  the  former  and  the  four  of  the  latter  are  all 
invariablv  affected  by  depression  or  eidiancement  of  sensitiveness  by 
everv  stimulus  that  has  been  a])j)lied.  Though  it  apjM*ars  somewhat 
remarkable  that  the  measurements  of  the  eidumcement  of  the  su|x'rlicial 
.sensati«in  should  fall  with  almost  perfect  exactness  upon  B  for  the  deep 
sensation,  we  are  inclined  to  believe  that  the  stimulation  of  the  upjxT 
lip  l.\  very  light  touch  lias  affected  tin-  deep  system  to  a  greater  extent 
than  before,  and  that  the  superficial  system  also  has  been  enhanced 
to  a  greater  degree  tha;i  in  the  former  case,  since  the  depressing  effect 
has  been  reduced  to  a  minimum. 

These  results  are  in  conformity  with  the  sensory  reflex  theory  which 
we  mav  thus  briefly  descrilH'  :  a  stimulus  applied  to  an\-  sensory 
receptor  mouses  a  sensation  in  the  correspontling  central  organs,  ami  in 
addition  evokes  simultaneously  two  sets  of  efferent  impulses,  one  of 
which  enhances  and  the  other  depresses  the  sensitiveness  of  the  receptors 
(»f  the  wlu)le  sensory  system,  the  degree  of  enhancement  or  depression 
being  the  measure  t)f  the  excess  of  one  process  over  the  other.  On  this 
view  the  sensitivity  of  the  receptors  and  the  state  of  sensory  tonus  are 
normally  controlled  by  the  efferent  nervous  system,  which  is  further 
controlled   by   the   intensity   of  the  stimulus. 

We  desire  to  recorii  our  tlKink.>  to  the  Research  Council  of  Canada 
with  whose  assistance  this  investigation  has  been  conducted. 
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Synopsis. 

In  this  investigation  a  nuthod  of  exact  measurement  of  the  intensity 
of  stimulation  of  the  sensations  of  taste  was  devised  by  means  of 
electrolysis  of  the  saliva.  The  electric  current  at  detinite  potentials 
was  intermittently  applieil  to  the  tonpue  and  the  critical  frequency  of 
gustation  measured,  i.e.  the  duration  of  each  taste  impulse  when  the 
interrupted  stimuli  became  fused  into  continuity. 

Four  curves  were  obtaineil  which  correspond!  to,  and  confirm  the 
existence  of,  four  primary  tastes  :    sweet,  .salt,  sour,  and  bitter. 

The  results  conformed  to  a  law  derived  from  Fechner's  Law.  which 

may  be  expres.scd,       =  —k  log  (^4-0. 

The  similarity  of  this  law  with  those  obtained  in  vision,  touch,  and 
audition  is  discusseti. 

When  stimulation  of  the  tongue  was  protluced  with  gymnemic  acid, 
sugar,  .salt,  acetic  acid,  and  quinine.  characteri-ti<-  dtpressing  and 
enhancing  effects  were  olitained  on  ixW  sensations. 

The  results  are  in  conformity  with  a  theory  of  sensory  reflex  action 
which  mav  be  stated  thus  :  an  atTerent  stimulus  which  produces  a 
sensation  also  evokes  two  retle.x  efferent  effects  on  the  entire  sense 
organ,  the  resulting  condition  t)f  enhancement  or  depression  at  any 
point  being  the  measure  of  the  excess  of  one  jiroce.ss  over  the  other. 

Tin:   XoK.MAL  Sens.\tu)Ns. 

.\n  examination  of  the  literature  on  the  sense  of  taste  reveals  the 
fact  that  but  little  is  kn(»wn  of  the  sui)ject.  This  is  apparent  in  both 
the  physiological  anil  the  psychological  fields.  The  standartl  tn^itises 
on  the  former  science  devt)te  to  the  discussion  of  this  sen.se  from  three 
to  four  pages,  ami  those  on  the  latter  even  less.  Following  is  a  summary 
of  the  present  extent  of  knowledge  of  the  subject,  which,  it  will  be 
observed,  is  purely  qualitative  in  character. 

The  gustatory  receptors  upon  the  tongue  are  capable  of  initiating 
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four  primary  or  fundamental  taste  sensations  :  sweet,  salt,  sour,  and 
bitter.  The  almost  infinite  varieties  or  shades  of  tastes  one  is  capable 
of  experiencing  are  made  up  of  combinations  of  these  four  in  various 
proportions  of  intensity,  modified,  in  addition,  by  sensations  resulting 
from  excitation  of  the  end-organs  of  smell  and  those  of  general  sensi- 
bility, touch,  temperature,  and  pain. 

The  four  primary  tastes  are  generally  distributed  or  localised  on  the 
tongue  in  the  following  manner  :  sweet,  at  the  tip  ;  salt,  at  the  sides 
and  towards  the  tip  ;  sour,  at  the  sides  ;  bitter,  at  the  back  or  root. 
There  are  no  well-defined  limits  of  localisation,  however,  all  taste  stimuli 
being  capable  of  perception  to  a  greater  or  less  degree  on  any  portion 
of  the  tongue  that  is  sensitive  to  taste  sensations  in  general.  * 

The  probable  gustatory  end-organs  are  the  taste-buds.  These  are 
present  in  great  numbers  on  the  circumvallate  and  fungiform  papillae 
embedded  in  the  stratified  epithelium  on  the  tongue.  Within  the  taste- 
bud  are  a  number  of  elongated  cells,  each  of  which  contains  a  large 
nucleus  and  ends  in  a  minute  hair-like  process — the  gustatory"  hair — 
which  projects  through  an  equally  minute  opening  in  the  bud — the 
gustatory  pore — into  the  mouth  cavity.  These  cells  are  considered  the 
true  sense  cells.  Amongst  them  are  the  endings  of  numerous  fine  nerve 
fibres.  Direct  stimulation  probably  takes  place  at  the  gustatory  hair, 
and  passes  down  through  the  gustatory  cell  to  the  nerve  fibres  among 
them.  The  path  of  the  taste  impulse  from  the  end-organs  to  the  brain 
is  not  definitely  known. 

Drugs  act  selectively  on  the  gustatory  receptor  organs,  Gymnemic 
acid,  for  example,  anaesthetises  the  sweet  taste  receptors  totally,  and 
the  bitter  almost  completely.  Cocaine  first  causes  a  diminution  of 
tactile  and  pain  sensibilities  ;  then  completely  destroys  the  bitter,  then 
the  sweet,  and  finally  the  sour  taste,  while  the  salt  sensation  appears  to 
remain  unaffected. 

Both  simultaneous  and  successive  contrast  have  been  observed  in 
the  gustatory  sensations.  As  an  illustration  of  the  former,  it  has  been 
found  that  solutions  of  salt  and  sugar  applied  simultaneously  on  both 
sides  of  the  tongue  increase  to  a  marked  degree  the  effect  of  each  ;  and 
of  the  latter,  that  distilled  water  tastes  sweet  after  dilute  acid  has  been 
applied  to  the  tongue. 

Compensation  or  complementary  phenomena  have  also  been  noted. 
Sweet  and  bitter  stimuli,  for  example,  have  a  neutralising  effect  upon 
each  other.  This  principle  is  utilised  in  the  common  practice  of  counter- 
acting the  bitter  taste  of  coffee  by  the  use  of  sugar. 

The  present  research  is  an  attempt  to  subject  the  gustatory  sensations 
to  quantitative  investigation.  It  deals  specifically  with  an  application 
of  the  method  of  the  critical  frequency  of  interruption  of  stimulation  to 
the  sensations  of  taste,  in  an  analogous  manner  to  that  in  which  it  has 
been  already  employed  in  researches  on  vision  (1),  audition  (2),  and 
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touch  (3).  It  consists  in  increasing  the  rapidity  of  gustatory  stimulation 
of  the  tongue  until  fusion  of  the  interrupted  sensations  just  occurs. 
The  time  interval  between  two  successive  stimulations  at  this  ix)int 
is  determined,  antl  is  a  measure  of  the  time  the  tast«?  stimulus  |x*rsi>its. 
In  vision,  a  similar  measurement  has  Ijeen  termed  the  critical  frequency 
of  flicker  (jf  the  colour  ;  in  s(iund,  the  critical  frequency  of  pulsation  or 
flutter  of  the  tone  ;  in  touch,  the  critical  frequency  of  jx-rcussion  of  the 
tactile  stimulus  ;  and  now  in  ta.ste  we  h;t\<-  t.  rrn'-'i  it  the  critical  fre- 
quency of  gustation  of  the  taste  !stimulu>. 

The  method  of  intermittent  stimulation  of  the  taste  sensations 
requires  the  application  of  a  stimulus  of  definite  and  controlled  intensity 
to  one  point  on  the  tongue  at  equal  intervals  of  time,  followed  by  its 
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Fio.    1. — Diagram  of  electrical  connections  to  mouth-piece.     A,  storage  cell  ; 
B,  potentiometer  ;   D.  disc  ;  V,  voltmeter  ;   M.  mouth -piece. 

complete  removal,  in  analogy  with  Hashes  of  light  upon  the  eye  alter- 
nating with  darkness.  To  accomplish  this  by  mechanical  application 
of  such  substances  as  salt  and  sugar,  for  example,  is  impossible. 

The  only  feasible  method  of  gustatory  measurement  that  occurred 
to  the  authors  was  the  employment  of  the  long-known,  but  hitherto 
unused,  observation  that  an  electric  current  applied  to  the  tongue 
arouses  the  sensation  of  taste.  Intermittent  stimulation  was  effected 
by  electrolysis  of  the  saliva  with  a  jH'riodically  interrupted  electric 
current. 

A  singk'  stt)rage  cell  suj)plied  the  current,  which  was  conducted 
through  a  high  resistance  forming  a  {K>tentiometer.  fr<»m  which  a  portion 
of  the  current  at  any  desired  potential  pas.«sed  through  an  interrupting 
disc  to  a  suitable  mouth-piece.  The  arrangement  of  the  apparatus  is 
shown  in  tig.  1. 

The  disc  was  constructed  of  twf)  discs,  one  of  which  was  of  non- 
conducting fibre,  and  tlu*  other  of  copjx^r.  both  four  inches  in  diameter. 
Each  of  these  had  twenty  teeth  of  equal  size.  By  dovetailing  the  two 
discs  together,  their  edges  cMunbined  to  form  a  circumference  of  forty 
equal  arcs,  alternately  conducting  and  non-conducting.  One  electrode 
made  continuous  contact  with  the  side  of  the  copper  disc,  and  the  other 
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pressed  upon  the  smooth  sectioned  edge.  By  this  means  the  steady 
current  was  converted  into  periodic  electric  impulses,  each  of  which 
lasted  for  one-fortieth  of  the  time  of  rotation  of  the  disc,  with  the  same 
interval  of  time  between  successive  impulses. 

The  disc  was  mounted  on  the  shaft  of  a  small  direct-current  electric 
motor,  the  speed  of  which  was  regulated  by  a  rheostat  and  a  leather 
brake.  The  critical  frequency  of  gustation  was  accurately  determined 
by  means  of  a  speed  counter,  also  mounted  upon  the  motor  shaft,  which 
closed  another  electric  circuit  every  fiftieth  revolution  of  the  shaft,  and 
which  was  connected,  together  with  a  clock  beating  half-seconds,  to  a 
chronograph. 

The  mouth-piece  consisted  of  two  narrow  curved  strips  of  spring 
brass,  2  cm.  long,  which  terminated  in  brass  hemispheres  1-6  mm.  in 
diameter.  The  strips  were  held  in  small  blocks  of  ebonite  which  were 
kept  1  cm.  apart  by  pieces  of  wood  inserted  in  such  a  manner  as  to  form 
a  small  box-like  opening  2  cm.  long  and  1  cm.  wide,  into  which  the  tip 
of  the  tongue  extended.  The  electrodes  were  silver-plated  to  minimise 
the  possibility  of  chemical  action  with  the  saliva.  A  mirror  was  placed 
in  a  suitable  position  to  enable  the  experimenter  to  see  the  electrodes 
in  position  on  the  tongue. 

The  intensity  of  stimulation  was  adjusted  and  controlled  by  varying 
the  potential,  and  was  measured  by  a  millivoltmeter  connected  across 
the  terminals  of  the  mouth-piece.  The  range  employed  was  0-16  to 
0-70  volt.  These  limits  were  self-determined,  for  potentials  below  the 
former  value  gave  no  perceptible  stimulation,  and  those  above  the  latter 
produced  muscular  twitching. 

In  making  measurements  a  constant  routine  was  followed.  The 
potentiometer  was  adjusted  to  give  the  desired  voltage  ;  the  negative 
terminal  of  the  mouth-piece  was  placed  on  a  definite  spot  on  the  upper 
surface  of  the  tongue,  the  positive  on  a  corresponding  spot  immediately 
underneath  it  ;  the  motor  circuit  was  closed  and  the  speed  adjusted 
until  the  interrupted  gustatory  stimuli  just  fused  into  a  continuous 
sensation.  A  chronograph  record  was  then  taken,  from  which  the 
critical  frequency  of  gustation  was  computed.  It  should  be  noted  that 
the  current  was  not  allowed  to  run  through  the  tongue  continuously 
until  final  adjustments  were  made,  but  was  interrupted  every  half  or 
whole  second  in  order  that  the  accumulated  results  of  electrolysis,  which 
cannot  be  removed,  might  be  a  minimum.  The  time  of  passage  of  the 
current  for  each  measurement  varied  from  two  to  three  and  a  half 
seconds.  An  interval  of  from  ten  to  twenty  minutes  was  allowed 
between  measurements  for  recovery  from  any  fatigue  that  might  have 
occurred,  and  also  to  permit  the  products  of  electrolysis  to  be  diffused. 
All  measurements  were  made  as  nearly  as  possible  on  the  same  spot  on 
the  right  side  of  the  tongue. 

It  required  considerable  training  of  the  attention  and  judgment,  as 
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util  as  of  thf  luijuis,  in  automatically  inakinj,r  the  requitsitf  instrumental 
adjustments,  hefoie  (observations  eoukl  l)e  made  with  confidence  and 
accuracy. 

In  tlie  course  of  a  month  several  hundred  readings  had  accumulated, 
which  appeared  very  irregular  and  confusing.  Since  the  electric  current 
excites  a  sour  taste,  we  had  anticipated  a  single  curve  for  that  sensati(jn. 
and  had  scarcely  any  hope  that  a  method  of  ohtaining  curves  for  the 
other  gustatory  sensations  might  he  found.  The  result  showed  that  the 
difficulty  was  of  a  completely  opposite  character. 

It  was  finally  decided  to  plot  each  of  the  ap|)arently  inconsistent 
readings  individually,  with  the  voltages  on  the  horizontal  axis  and  the 
time  intervals  at  the  critical  frequency  of  gustation  on  the  vertical. 
To  our  great  surprise  and  satisfacti<jn  it  was  found  that  the  points  fell 
along  four  distinct  and  well-defined  curves,  with  a  greater  numl>er  of 
points  falling  on  one  of  them  than  on  any  of  the  others.  It  thus  hecaine 
quite  clear  that  there  were  four  fusion  points  of  interrupted  stimulation 
for  each  voltage,  that  is,  the  gustatory  receptor  organs  were  sensitive 
in  four  different  degrees  to  a  stimulus  of  a  single  intensity.  It  was  f(nind 
impossible  to  control  the  experimental  conditions  to  such  an  extent 
that  would  enable  one  to  determine  loeforehand  upon  which  curve  a 
point  shouKl  fall  :  or.  with  what  degree  of  sensitiveness  the  receptors 
wouUl  respond  to  any  definite  stimulus.  It  is  thus  apparent  that  the 
mechanism  of  taste  is  more  complex  or  involved  than  the  visual  (tr 
auditory  apparatus,  and  very  much  more  than  the  touch  receptor  organs, 
w  hich  have  two  inilepcndent  systems  of  response  to  tactile  stimulation  (3). 

On  one  occasion,  while  a  .satisfactory  measurement  of  the  critical 
frequency  of  gustation  was  l)eing  recorded,  it  was  noticed  that  complete 
fusion  was  no  longer  obtained.  Thereupon  the  speed  of  the  motor  was 
immediately  increa.sed  to  a  new  j)oint  of  fusion  without  interrupting  the 
record.  \\  Ik  ii  the  measurements  were  completed  there  were  found  to 
be  two  dilierent  results  w  hich  fell  on  two  adjoining  curves.  It  is  possible 
that  the  electrodes  slightly  moved,  though  no  such  effect  was  perceptil)Ie. 

The  four  curves  arc  shown  in  fig.  2.  anil  the  measurements  arc  given 
in  Table  1.  liiese  are  termeil  the  normal  gustatory  curves,  and  represent 
the  averages  of  from  400  to  300  readings.  As  shown  in  the  figure,  the 
curves  are  similar  in  character,  gently  sloping  upward  at  low  voltages, 
l>ut  with  a  dcciiled  increase  of  slope  and  rapid  convergence  towards 
a  point  at  high  potentials.  The  duration  of  the  taste  .sensatii>n  at  the 
fusion  point  is  seen  to  increase  with  the  potential.  The  positions  of 
the  curves  upon  the  diagram  indicate  their  difYering  .sensitivities  to  the 
same  series  of  stimuli,  their  lonvergenee,  an  approach  towartls  iniiform 
sensitivity  at  high  potentials.  The  normal  curves  may  l)e  interpreted 
as  proving  the  existence  of  four  gustatory  recepti>r  organs,  each  respond- 
ing with  specific  sensitiveness  to  one  definite  primary  taste. 

The  question  of  the  identification  of  the  curves  was  next  considered. 
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Actual  excitation  was,  of  course,  with  a  sour  stimulus.  The  curve  upon 
which  the  greatest  number  of  points  fell,  i.e.  the  curve  representing  the 
greatest  number  of  responses  to  the  sour  stimulus,  is  in  all  probability 
the  one  indicating  the  reaction  of  the  sour  receptors.  This  is  curve  C 
in  fig.  2.     Though  the  identification  of  the  remaining  curves  had  to  be 
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Fig.   2. — Normal  gustatory  sensations. 


postponed  until  further  experimentation  was  completed,  the  curves  in 
the  figure  are  marked  as  finally  determined  :  namely,  sweet,  A  ;  salt,  B  ; 
and  bitter,  D. 

Since  electrical  stimulation  of  the  tongue  gives  a  sour  taste  and  also 
measurably  affects  the  remaining  primary  sensations,  it  is  evident  that 
sour  is  only  the  predominant  taste,  as  all  are  involved.  In  colour  vision 
every  colour  affects  all  three  sensations,  and  in  conse(q[uence  is  never 
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luTC'cived  fullv  satiir.itnl.  So  in  tlu-  iriistatttrv  sriisf.  no  tastt*  is  ever 
oxperionceil  alone.  We  do  not  know.  ;ij)|)arently,  what  a  fx-rfeetly 
saturated  taste  is. 

The  voltaije  has  hitherto  been  referred  to  as  the  intensity  of  the 
stimulus.  This,  however,  is  not  strietly  the  ease.  In  tin-  |trt>cess  of 
eleetrolysis,  according  to  Faraday's  I.,4iw.  the  amount  of  any  ion  pro- 
duced is  proportional  to  the  (juantity  of  eleetrieity  Mo\\ing  through  the 
electrolyte.  The  (juantity  of  eleetrieity  at  any  v«)ltage  may.  therefore, 
be  regarded  as  the  true  mea^^ure  of  the  inten-^ity  of  the  sour  stimulus. 

-•\eeortling  to  Ohm's  Law 

.      \' 


I  = 


where  /  is  ilu-  Linreiil  through  the  tongue.  \'  the  potential  difference, 
and  r  the  resistance  of  the  tongue  between  the  electrodes,  which  may  be 
considered  constant. 
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Multiplying  both  sides  of  the  equation  by  D,  the  time  during  which 
the  current  is  flowing,  we  have 

iD=-.VD. 
r 

Now  Q,  the  quantity  of  electricity,  is  measured  by  the  product  of 
the  current  and  the  time,  therefore 

Q  =  iJ)=-  .VB^A.VD 

r 

1 

where  A  is  the  constant  -• 

r 

Taking  logarithms,  we  have, 

logQ-log(VD)+logA, 

where  log  A  is  a  constant. 

The  quantities  V  and  D  are  recorded  at  each  reading.  We  thus 
have  experimental  records  from  which  the  values  of  Q,  the  true  measure 
of  the  intensity  of  the  stimulus,  can  be  computed.  Any  relation  existing 
between  the  intensity  of  the  stimulus  and  its  duration  at  the  critical 
frequency  of  gustation  must,  therefore,  be  sought  between  the  quantities 
Q  and  D. 

In  attempting  to  discover  the  mathematical  law  connecting  these 

quantities,   several    relations    were    tried  without    success.     No    linear 

relation  involving  either  D,  directly,  or  log  V  was  found  to  hold.     It 

was  finally  discovered  that  the  normal  readings  for  the  four  sensations 

conformed  to  the  law 

1 


^    -]c\ogq+c. 


which  is  equivalent  to 

1 


^=-Z;log(VD)+i-logA, 
since  k  and  log  A  are  constants. 

In  this  equation  —  is  the  reciprocal  of  the  duration  of  the  stimulus 

at  the  critical  frequency  of  gustation,  Q  is  the  quantity  (coulomb)  of 
electricity,  and  k  and  C  are  constants  which  depend  on  the  nature  of 
the  gustatory  receptors  and  on  the  method  of  stimulation  and 
measurement. 

The  curves  obtained  by  plotting  the  reciprocals  of  D  with  the  values 
of  log  Q,  i.e.  log  (VD),  are  shown  in  fig.  3.  The  data  are  given  in  Table  I. 
The  graphs  are  straight  lines  with  two  abrupt  changes  of  slope  in  the 
same  direction  in  each,  which  occur  at  approximately  the  same  values 
of  the  intensity  of  stimulation.  The  convergence  of  all  the  graphs 
towards  a  point  at  the  high  intensities  is  here  still  more  marked  than  in 
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fi}^'.  2.  Since  the  vertical  co-ordinates  in  fig.  2  are  the  values  of  D,  and 
those  in  fig.  3  are  the  reciprocals  of  this  quantity,  the  order  of  the  graphs 
in  the  latter  figure  is  reversed. 

Consideration  of  the  significance  of  the  three  branches  of  each  of  the 
graphs  is  postponed  until  fuitlier  experiments  are  descrihed. 
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Fu;.   3. — Xorinul  gustatory  seiisrttioiis. 

The  equation  to  the  graphs  in  hg.  3.  which  lias  been  found  above,  is 
of  the  same  type  as  the  ecjuations  obtained  in  similar  investigations  in 
vision,  touch,  and  audition,  to  whieh  rcfcri'nce  has  Iktu  matle. 

In  vision,  graphs  have  been  obtained  recently,  like  that  in  fig.  4. 
which  consist  of  three  branches.  These  have  not  hitherto  been  pub- 
lished.    They  conform  to  the  equation 


^^Alogl-^C, 
where  I  is  the  luminosity  of  the  light  stimulus.  /.-  and  ('  are  constant?:. 
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and  D  is  the  measurement  of  the  critical  frequency  of  flicker.  The  three 
branches  of  the  graph  conform  to  this  equation  by  changing  the  values 
of  the  constants.  This  equation  in  colour  vision  is  known  as  the 
Ferry-Porter  Law. 

In  audition  a  similar  equation  has  also  been  found  by  the  writers  to 
apply  to  the  graph  which  is  shown  in  fig.  4,  viz. — 

T>=klogV+C, 

where  P  is  the  pressure  of  the  air  producing  the  tone,  to  which  the  in- 
tensity of  the  sound  is  proportional,  and  D  is  the  measurement  of  the 
critical  frequency  of  pulsation  or  flutter  of  the  tone. 

In  touch  the  same  equation  also  appears,  as  was  found  by  Allen  and 

HOLLENBERG, 

D  =  -;fciogP+c, 

where  P  is  the  pressure  of  the  air  jet,  and  D  the  measurement  of  the 
critical  frequency  of  percussion.  The  graph,  shown  in  fig.  4,  which  has 
recently  been  obtained  by  one  of  the  writers  (Weinberg)  (8),  has  three 
branches  instead  of  two,  which  were  found  by  Allen  and  Hollenberg. 
The  four  equations  may  with  advantage  be  brought  together  for 
comparison  :  — 

1^  =  ^^  log  I  +  C        (Vision) 

^=-^IogQ+C  (Taste) 

D  =  A;  log  P  +  C       (Audition) 
D  =  -A;logP+C  (Touch) 

The  equation  for  vision  has  been  derived  by  Peddie  (4)  from 
Fechner's  Law,  and  we  may  conclude  with  confidence  that  the  other 
equations  may  be  similarly  obtained  from  it.  Fechner's  Law  has  been 
believed  to  apply  only  to  a  moderate  range  of  intensities  of  stimulation 
and  to  be  invalid  for  both  very  low  and  very  high  values.  The  graphs 
with  their  three  branches,  however,  show  that  Fechner's  Law  does 
apply  throughout  the  whole  range,  but  for  this  purpose  three  sets  of 
constants  are  necessary.  The  bearing  of  the  above  equations  on 
Fechner's  Law  has  been  quite  fully  discussed  in  a  former  paper  (3),  and 
need  not  be  repeated  here. 

Since  in  the  four  senses  studied  the  same  law  applies,  we  may 
generalise  for  all  sensory  actions  by  saying  that  the  persistence  of  a 
sensory  stimulus  on  its  receptor  varies  either  directly  or  inversely  as 
the  logarithm  of  its  intensity.  The  change  of  slope  of  the  curves  in  the 
four  sensations  indicates  that  at  some  definite  intensity  of  stimulation 
there  is  a  definite  change  in  the  sensitivity  of  the  receptors.  In  a 
former  paper  (3)  two  suggestions  were  made  to  account  for  this  pheno- 
menon.    First,  the  change  may  be  in  the  receptor  organs  proper,  which 


The  GuBtatorv  Sensory  Rt-flex 


395 


would  indicate  that  at  a  dt-tiiiite  inteiiHity  of  fstiinulation  their  sensitivity 
becomes  greater  or  less  than  hefon*.  Second,  the  ner\'e  irnpubiefi  may 
have  a  freer  or  a  more  liiiuk-red  passage  tlinnigh  the  synaptic  resistance 
of  the  reflex  arc  when  tliis  critical  intensity  ii*  exceeded. 

The  investigations  on   visicjn,   which   are  now   l>eing  conducted   by 
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one  of  the  writers  (Ai.i.kn),  indicate  that  the  first  of  these  is  correct, 
and  also  lay  bare  the  underlying  cause  of  the  jihenonienon.  For  when 
a  stimulus  is  applicil  to  any  receptor,  not  only  di>es  a  sensation  result, 
but  in  adtlition  two  sets  of  reflex  impulses  an^  simultaneously  generated 
or  released  and  conducted  from  the  cortical  centres  to  the  receptors, 
one  of  which  causes  depression  (inhibition)  of  their  sensitivity,  and  the 


3Q6  '  Allen  and  Weinberg 

other  enhancement  (facilitation).  Through  one  range  of  intensities 
depression  exceeds  enhancement,  and  through  another  enhancement 
exceeds  depression.  The  stimulus  whose  intensity  corresponds  to  the 
point  where  the  slope  changes  excites  both  depression  and  enhancement 
equally. 

It  is  interesting  to  compare  the  smartness  of  response  of  the  four 
sensoria  so  far  studied  as  measured  by  the  critical  frequency  method. 
The  time  that  light  persists  on  the  retina  at  the  critical  frequency  of 
flicker  varies  from  0  0 13  to  0  045  second  ;  the  corresponding  values  in 
audition  are  from  0-0127  to  00215  second  ;  in  touch  from  00024  to 
0-0089  second  ;  and  in  taste  from  0-0015  to  0-0040  second.  It  is  thus 
seen  that  the  organ  of  taste  is  smarter  in  its  response  than  the  others, 
then  follows  touch,  then  audition,  and  finally  vision. 

Effects  of  Stimulation. 

The  problem  of  the  identification  of  each  normal  curve  with  its 
primary  taste  may  now  be  considered.  As  stated  above,  since  actual 
excitation  was  with  a  sour  stimulus,  and  the  greatest  number  of  points 
fell  on  curve  C,  fig.  2,  that  curve  was  taken  to  represent  the  sour  taste. 
Three  curves  thus  remained  to  be  identified. 

It  is  known  that  gymnemic  acid  has  a  temporary  anaesthetising 
effect  upon  the  sweet  and  bitter  receptors.  Application  of  this  drug 
to  the  tongue  should,  therefore,  eliminate  the  two  curves  corresponding 
to  these  tastes.  After  some  trouble  a  few  grams  of  powdered  gymnemic 
acid  were  obtained,  from  which  a  one-half  per  cent,  solution  was  prepared. 
This  solution  was  lightly  applied  to  that  portion  of  the  tongue  upon 
which  measurements  were  made,  with  a  little  ball  of  absorbent  cotton 
on  the  end  of  a  glass  rod.  The  substance  was  kept  on  the  tongue  for 
about  a  minute,  after  which  the  mouth  was  quickly  rinsed  with  water 
at  the  temperature  of  the  mouth,  and  a  measurement  of  the  critical 
frequency  of  gustation  immediately  taken.  A  rest  of  fifteen  minutes 
between  readings  was  allowed  for  the  tongue  to  regain  its  normal 
condition. 

The  results  are  given  in  Table  II.,  and  are  shown  graphically  in  fig.  5. 
The  continuous  curves  A,  B,  C,  and  D,  through  the  circles,  are  the 
normals,  and  the  broken  line  graphs  through  the  crosses  are  the  results 
obtained  after  application  of  the  gymnemic  acid.  The  figure  shows  two 
complete  curves,  6  and  c,  and  also  a  portion  of  another,  d,  at  the  higher 
potentials.  The  complete  absence  of  one  curve  and  the  partial  absence 
of  another  at  low  intensities  may  be  taken  to  indicate  the  action  of 
gymnemic  acid  in  anaesthetising  both  the  sweet  and  the  bitter  taste 
receptors,  the  latter,  however,  being  subject  to  a  forced  response  by 
stimulations  at  the  higher  intensities. 

The  two  curves,  6  and  c,  do  not  coincide  with  any  two  normals,  but 
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are  elevated  above  theiu.  This  iiidieatoH  fatigue  or  depreKsion  of  the 
receptors,  ami  is  to  he  fxijectcd  ;  for  alt)i(jii^h  wt-  know  that  gyinnemic 
acid  does  not  destroy  the  activity  of  the  sour  and  salt  receptors,  it 
prohahly  must  have  a  highly  depressing  etTeet  ujMtn  their  sensitivity. 

We  know  that  the  incomplete  curve  d  shows  the  elfect  of  gymneniic 
acid  on  the  hitter  taste,  and  that  it  is  t-h-vated  slightly  above  the  normal 
curve   D.     This  affords  evidence  that  curve   i)  repreK4^'ntH  the  normal 


TaULK    II.-  StIMIT-ATION    with    0-5    PKR    CENT.    SoLt'TIOS    Or   (JVMXKMIO    AclU. 


\  ..It  V. 

Dunttioii 

Log  g 

L«.».'  VIJ. 

1  D. 

h 

n-2ir> 

OU02tiO 

4-747 

385 

•295 

•00280 

4  iM7 

357 

•3IU 

•(K»200 

5-lMU 

353 

•430 

•00300 

3-1 11 

333 

' 

•475 

•«>03I5 

3- 170 

317 

1 

•r.2.'j 

•(HI343 

3-255 

292 

•r)i>o 

•(tn31t7 

33(iO 

252 

••ilO 

•00420 

3408 

245 

c 

i»-2n5 

00(1220 

^•(554 

455 

•320 

•00240 

4^885 

417 

•400 

•O0258 

3-013 

388 

•r.2r> 

•0(»2'.t4 

3-IS8 

340 

•.J  (55 

•00312 

3-24(5 

321 

•()20 

•0(»347 

3-332 

288 

•Vi't'i 

•00378 

3-3y5 

265 

(I 

0^4Mi 

0-00230 

304  1 

435 

•550 

•(to255 

3-14(5 

392 

•(»45 

•00300 

3-288 

333 

••570 

•00345 

3-3(54 

200 

•7lH» 

•00430 

5-47!t 

233 

response  of  tiie  reeeplors  for  the  Ititter  taste.  From  previous  consitlera- 
tions  we  know  that  ('  is  the  ciir\c  for  sour,  and  that  the  smir  taste  is 
not  tlestroved  bv  gvmnemic  aeid.  One  of  the  new  curves  should,  there- 
fore,  represent  the  depressed  sour  taste,  and.  consequently,  be  elevated 
above  C.  Curve  r.  while  elevated  abt)ve  both  ('  and  li.  evidently  repre- 
sents the  former.  Turve  h  must,  therefore,  repre.sent  the  depressed  .salt 
taste,  which  normally  is  either  A  or  B.  .Fudging  from  the  amount  of 
elevation  of  r  al)ove  ('.  it  is  reasonable  to  suppo.-^e  that  (>  is  the  elevated 
positit)!!  of  B  ;  whieh.  therefore,  is  the  normal  eiirve  for  the  salt  .stMisation, 
and  A  for  the  swtH't.  This  tentative  identifieati(»n  of  the  normal  curves 
was  subsequently  confirmed  by  other  e.xjH'riments.  The  degree  of 
fatigue  or  depression  of  the  taste  receptors  for  the  .salt  and  sour  sensations 
shoulil  not  cause  wonder,  when  one  considers  the  powerful  depressing 
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or  inhibiting  effect  such  a  drug  must  have  on  an  organ  as  delicate  and 
sensitive  as  that  of  taste. 

It  is  clear  from  the  figure  that  there  is  a  progressive  increase  in 
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Fig.  5. — Direct  action  of  gymnemic  aeid. 


•elevation  of  the  fatigue  curves  as  we  ascend  the  series  of  normal  curves 
in  the  order  of  decreasing  sensitivity — bitter,  sour,  salt.  This  pheno- 
menon^shows  that  the  anaesthetising  effect  of  the  acid  is  greater  as  the 
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sensitivity  of  the  receptors  becomes  less,  ami  tliat  it  has  its  action  on 
the  end-organs  of  taste  themselves,  if,  therefore,  the  effect  of  the  acid 
on  the  sweet  receptors  were  the  same  in  its  nature  a«  in  the  other  tastes, 
the  corresponding  fatigue  curve  wouM  \n-  elevated  still  higher  above 
the  normal  curve  A.  The  absence  of  such  a  curve  may,  therefore,  )>e 
interpreted  as  iiidieating  that  the  complete  aniehthesia  of  the  sweet 
sensation,  due  to  gymnemic  acid,  i.s  the  result  of  an  excessive  deprejision 
or  inhibition  of  the  activit\  of  these  receptors. 

The  experiments  with  gymnemic  acid  have  thus  been  very  instructive 
in  giving  quantitative  confirnuition  of  the  fact  that  gymnemic  acid 
destrovs  the  sensitivitv  of  the  sweet  taste  and  partiallv  that  of  bitter. 
They  lia\t'  also  enabled  us  to  identify  quite  conclusively  the  normal 
curves,  and  have  given  some  insight  into  the  probable  nature  of  the 
action  of  gustatory  stimuli  upon  the  taste  receptors. 

After  the  ideiitilication  of  the  curvi's  was  completed  wv  obtained 
further  contiiination  in  Huwklls  table  of  the  threshold  values  of  the 
four  primary  tastes  (5)  :  — 

Swoot  (sugar) — 0-5  gram  in   100  c.c.  of  water,  detectable  on  tip  of 

tongue. 
Salt   (NaCl) — 0-2o  gram   in    luu  c.c.  of   water,  detectable  on  tip  of 

tongue. 
Acid  (HCl) — 0007  gram  in  loO  c.c.  of  water,  detectable  on  border  of 

tongue. 
Bitter  ({juinine) — (>-((0(K).1  gram  in  1 00  c.c.  of  water,  detectable  on  root 

of  tongue. 

The  order  of  sensitivity  of  the  gustatory  rece})tors  exhibited  by  the 
normal  curves  is,  therefore,  in  comj)lete  agreement  with  the  ortler  of 
threshold  sensitivity. 

A  series  of  experiments  was  next  undertaken  to  determine  the  effects 
of  stimulation  of  the  region  of  the  right  siile  of  the  tongue,  upon  which 
the  measurements  were  made,  with  Itisulphate  of  (juinine,  acetit-  aciti, 
sodium  chloiide.  and  sugar.  This  type  of  stimulation  is  termetl  "  direct 
action,"  in  order  to  distinguish  it  from  stinujlation  of  the  left  side  of  the 
tongue,  which  is  inferred  to  I  itei-  as    "  rellex  action." 

ill  the  same  manner  a>  with  gynniemic  acid,  a  one-eighth  per  cent, 
solution  of  l»isulphate  of  (piinine  at  the  temperature  of  the  mouth  was 
applied  s(»  as  to  give  ilirect  aition  of  the  stimulus  upon  the  tongue. 
It  was  kept  in  place  for  about  forty-live  seconds,  as  apparently  in  that 
time  the  maximum  effect  was  produced.  The  mouth  was  then  (juickly 
rinsed  with  water  at  the  same  tiniperat uie.  and  a  measurement  of  the 
critii'al  frequeiu'v  of  gustation  made.  The  process  was  repeated  over 
the  range  of  voltages  used  for  the  normal  curves. 

The  readings  are  given  in  Table  111.,  and  the  corresponding  curves 
are  shown  in  fig.  (i.      In  this  and  in  all  similar  tigures  the  normal  curves 
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are  shown  as  continuous  lines  through  the  circles,  and  lettered  A,  B,  C, 
and  D,  which  correspond  respectively  to  the  sweet,  salt,  sour,  and  bitter 
sensations. 

The  curves  obtained  after  stimulation  are  in  broken  lines,  with  the 
points  marked  by  the  crosses.  They  are  designated  by  the  corre- 
sponding small  letters,  a,  b,  c,  d,  etc. 

On  referring  to  the  figure,  it  is  found  that  four  new  curves  have 


Table  III. — Stimulation  with  0-125  per  cent.  Solution  of 

Quinine  Bisulphate. 


Volt 

Duration 

LogQ  = 

1/D. 

Volt 

Duration 

LogQ  = 

1/D. 

a 

V. 

D     Sec. 

Log  VD. 

V. 

D     Sec. 

Log  VD. 

0-280 

0-00270 

4-879 

370 

c 

0-230 

0-00205 

4-674 

488 

-320 

-00280 

4-952 

357 

•280 

•00217 

4-784 

461 

•375 

-00287 

3-033 

348 

-310 

-00225 

4-844 

444 

•410 

-00295 

3-083 

339 

-370 

-00238 

4-945 

420 

•450 

-00305 

3-137 

328 

-410 

-00243 

4-998 

412 

•475 

-00320 

3-182 

313 

-440 

-00255 

3-049 

392 

•490 

•00327 

3-204 

306 

•475 

-00268 

3-104 

373 

•530 

-00332 

3-246 

301 

-510 

•00273 

3-143 

366 

•550 

-00345 

3-279 

290 

-560 

•00289 

3-210 

346 

•560 

-00387 

3-336 

259 

-590 
-630 
-650 

-00320 
-00362 
-00380 

3-276 
3-358 
3-393 

313 
276 
263 

b 

0-190 

0-00221 

4-623 

452 

d 

0-185 

0-00175 

4-511 

571 

•255 

•00238 

4-783 

420 

-240 

-00183 

4-642 

546 

•310 

•00250 

4-889 

400 

-260 

•00185 

4-682 

541 

•370 

•00260 

4-983 

385 

•300 

•00200 

4-778 

500 

•400 

•00270 

3-033 

370 

-390 

•00217 

4-927 

461 

•460 

•00281 

3-111 

356 

-415 

•00220 

4-960 

455 

•495 

•00296 

§-167 

338 

-445 
-520 
-550 

-580 
-600 
•630 
•635 
•670 
•680 

•00228 
•00250 
•00264 
•00275 
•00285 
•00300 
•00324 
•00370 
•00420 

3-004 
3-114 
0-161 
3-204 
3-233 
3-276 
3-314 
3-394 
3-456 

439 
400 
379 
364 
351 
333 
309 
270 
238 

resulted  from  stimulation  with  quinine.  The  curves  are  all  elevated 
above  the  normals,  which  indicates  fatigue,  or,  more  properly,  depression 
of  sensitiveness  of  the  receptor  organs  of  each  taste  sensation.  The 
curve  for  the  salt  sensation  6  does  not  extend  the  full  length,  no  readings 
having  been  recorded  in  the  upper  portion. 

From  this  figure  the  conclusion  may  be  drawn  that  stimulation  with 
quinine  of  the  strength  used  depresses  all  four  gustatory  sensations  to 


The  Gustatory  St-nsory  Reflex 


401 


an  apparently  equal  extent.      It  is  also  to  be  inferred  that  the  sensations 
are  not  independent  (jf  eaeh  other. 

The    sour    stimulus    usetl    was    a    \\    jier    cent,   solution    of    acetic 
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acid.  This  was  applieil  directly  in  the  same  manner  as  described. 
The  readings  are  given  in  Table  IV..  and  the  corresponding  curves  are  in 
tig.  7.  Tiiis  shows  that  the  salt.  sour,  and  bitter  RH'cptors  are  depressed 
in  sensitiveness,  while  the  sweet  sensation  is  enhanced.     This  is  proved 
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by  the  curve  a  falling  below  the  corresponding  normal  A.  It  may  be 
remarked  that  the  curve  c  represents  thirty  individual  readings,  and  the 
curve  b  only  fourteen.  As  before  remarked,  the  selection  of  curves  or 
tastes  for  any  measurement  cannot  be  predetermined.  The  results  are 
obtained  apparently  only  by  chance.  In  this  case  the  distribution  of 
forty-four  readings  occurred  as  stated.  This  quite  conclusively  identi- 
fies c  as  the  depressed  curve  for  the  sour  taste.     It  is  quite  possible, 

Table  IV. — Stimxtlation  with  1-5  per  cent.  Solution  of  Acetic  Acid. 


Volt 

Duration 

Log  Q  = 

1/D. 

Volt 

Duration 

Log  Q- 

1/D. 

a 

V. 

D     Sec. 

Log  VD. 

V. 

D     Sec. 

Log  VD. 

0-240 

0^00228 

^•738 

439 

c 

0-235 

0^00208 

4^689 

481 

•250 

•00230 

4-760 

435 

•275 

•00215 

4 

772 

465 

•260 

•00233 

4-782 

429 

•300 

•00223 

4 

825 

448 

•300 

•00240 

4^857 

417 

•320 

•00230 

4 

867 

435 

•380 

•00254 

4^985 

394 

•360 

•00240 

4 

937 

417 

•450 

•00274 

3-090 

365 

•380 

•00243 

4 

965 

412 

•580 

•00323 

3272 

310 

•400 

•00245 

4 

991 

408 

•590 

•00340 

^•303 

294 

•425 

-00254 

3 

033 

394 

•600 

•00365 

^•340 

274 

•485 
•505 
•555 
•585 
•610 
•625 

•00274 
•00277 
•00298 
•00320 
•00325 
•00348 

3 
3 
3 
3 
3 
3 

121 
146 
217 
272 
297 
338 

365 
361 
336 
313 

308 

287 

b 

0-220 

0^00244 

4^730 

410 

d 

0-210 

0^00180 

4 

577 

556 

•350 

•00263 

4^964 

380 

•280 

•00188 

4 

721 

532 

•385 

•00272 

3^021 

368 

•310 

-00190 

4 

770 

526 

•420 

•00279 

§•068 

358 

•380 

•00205 

4 

892 

488 

•470 

•00290 

§•134 

345 

•460 

•00232 

3 

029 

431 

•480 

•00295 

^•152 

339 

•510 

•00254 

3 

114 

394 

•540 

•00317 

3-233 

315 

-560 

•00268 

3 

176 

373 

•570 

•00340 

3-288 

294 

-600 

•00295 

3 

248 

339 

•595 

•00400 

3-377 

250 

-615 
•655 
•670 

•00305 
•00328 
•00349 

3 
3 
3 

274 
332 
369 

328 
305 

287 

•680 

•00393 

§•427 

254 

however,  that  curve  a  represents  the  depressed  salt  sensation,  and 
curve  b  the  enhanced  sweet.  The  interchange  of  letters  for  these  two 
curves  would  not  involve  any  difference  in  the  character  of  the  action 
upon  the  receptors,  but  would  only  denote  a  less  intense  degree  of 
depression  and  enhancement  of  the  salt  and  sweet  sensations  respectively. 
The  salt  stimulus  employed  was  a  10  per  cent,  solution  of  sodium 
chloride.  The  measurements  are  given  in  Table  V.,  and  the  corre- 
sponding curves  in  fig.  8.  With  this  stimulus  it  is  found  that  the  bitter 
sensation  d  is  depressed,  the  sour  sensation  c  is  depressed,  the  salt  sensa- 
tion b  is  greatly  depressed,  but  the  sweet  sensation  a  is  enhanced.     This 
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last  curve,  a,  is  remarkable  f(jr  the  complete  absence  of  the  middle 
portion,  only  the  two  ends  of  the  eurve  being  present.  More  peculiar 
still,  an  intermetliate  portion  of  a  curve,  e,  with  no  points  at  either  high 
or  low  [)ot(ntial<.  a{»f»ean'd  bclou   curve  T)      'Phis  seemed  at  tirst  to  fit 
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Fig.   7. — Direct  action  of  sour  stimulus. 


nowhere  in  particular,  and  was  regarded  at  the  time  as  an  anomalous 
eflFect.  It  ^\■as  soon  suspi'ft(Hl,  however,  that  curve  f  was  the  missing 
portion  of  eurve  r/.  shifted  al>ruptl\-  far  tlown  on  tin-  graph.  Closer 
examination  slu)\\ed  that  pt)rtions  of  the  two  eurves  overlaj)j>ed  at  the 
higher  potentials.  It  must  be  remembereil,  however,  that  it  is  not  the 
voltage  but  the  quantity  of  electricity  which  is  the  true  measure  of  the 
intensity  of  the  stimulus.     ( )n  transforming  the  co-ordinates  of  the  two 
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curves  from  V  and  D  to  log  Q  and  the  reciprocal  of  D,  it  was  found  that 
curve  e  fell  exactly  in  the  vacant  portion  of  curve  a,  except  for  the  vertical 
displacement.  This  is  shown  in  an  inset  in  fig.  13.  The  abrupt  eleva- 
tion of  curve  e  on  this  graph  indicates  an  extraordinarily  enhanced 
sensitiveness  of  the  sweet  receptors,  caused  by  the  salt  solution,  within 
the  narrow  range  of  intensities  denoted  by  the  curve.     The  writers  at 


Table  V. — Stimulation  with  10  per  cent.  Solution  of  Sodium  Chloride. 


Volt 

Dviration 

LogQ  = 

1/D. 

Volt 

Duration 

LogQ  = 

1/D. 

V. 

D      Sec. 

Log  VD. 

V. 

D— Sec. 

Log  VD. 

a 

0-290 

0-00268 

4^890 

373 

c 

0-160 

0^00195 

4-494 

513 

-365 

-00276 

3-004 

362 

-220 

•00198 

^•639 

505 

•380 

•00278 

3-025 

360 

•270 

•00204 

^•741 

490 

•425 

•00288 

3-086 

347 

•370 

-00228 

^•926 

439 

•460 

•00300 

§•140 

333 

•400 

•00235 

^•973 

426 

•500 

•00310 

§•190 

323 

•410 

•00242 

^•997 

413 

•525 

•00320 

3-225 

313 

•450 

•00255 

^•061 

392 

•580 

•00360 

3-320 

278 

•480 

•00260 

3-097 

385 

•600 

•00413 

3-394 

242 

•540 
•595 
•635 

•00277 
•00302 
•00360 

3-176 
3-255 
3-360 

361 
331 

278 

h 

0^225 

0^00225 

4-704 

444 

d 

0-170 

0-00170 

4-461 

588 

•300 

•00242 

4-861 

413 

-230 

-00174 

4-602 

575 

•365 

•00253 

4-965 

395 

-300 
-410 

-00190 
-00215 

4-756 
4-945 

526 
465 

•575 

•00325 

3-277 

308 

•430 

-00222 

4-980 

450 

•610 

•00365 

3-348 

274 

•460 
•500 
•560 
•630 
•665 
•680 

•00225 
•00249 
•00260 
•00295 
-00317 
-00380 

3-017 
3-097 
3-164 
3-270 
3-324 
3-412 

444 
402 
385 
339 
315 
263 

e 

0^525 
•595 
•640 

0-00203 
•00237 
•00259 

3-025 
3-149 
3-220 

493 
422 

386 

•660 

•00280 

3-267 

357 

present  are  unable  to  offer  any  explanation  of  this  isolated  occurrence. 
The  phenomenon  is  no  doubt  significant,  since  it  indicates  that  the 
receptor  organs  may  become  peculiarly  sensitive  to  stimuli  within 
narrow  intensity  limits. 

The  sweet  stimulus  first  employed  was  a  20  per  cent,  solution  of 
white  granulated  sugar.  Two  other  strengths  of  solution  were  also 
used.  All  the  measurements  are  given  in  Table  VI.,  and  the  correspond- 
ing curves  in  fig.  9.  This  figure  is  more  complex  than  the  others,  as  it 
contains  twelve  curves.  They  may  easily  be  distinguished,  however, 
without  confusion,  and  their  interpretation  is  of  the  greatest  importance. 
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Witli  the  20  per  cent.  Boliition  the  curves  a,  b,  c,  and  d  resulted,  all  of 
which  are  below  their  respective  normal  curves  designated  by  the  corre- 
sponding capital  letters.  This  indicates  that  all  four  gustatory  receptor 
organs  are  enhanced  in  sensitiveness.      Even  the  sweet  sensation  itself 
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is  enhanced.  Tliis  result  seemed  at  first  inconsistent  with  the  general 
results  previously  obtained.  With  bitter,  the  four  sensations  were 
depressed  ;  with  acetic  acid  anil  salt,  the  sweet  sensatioii  was  enhanced, 
and  the  remaintler  depressctl. 

In  preliminary  experiments  with  sugar  it  was  noticed  that  the  curve 
h,  whicii  was  then  obtained,  showed  bv  its  elevation  above  A  a  decided 
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Table  VI. — Stimitlation  with  Sugar. 


Volt 

Duration 

LogQ  = 

1/D. 

Volt 

Duration 

Log  Q  = 

1/D. 

V. 

D— Sec. 

Log  VD. 

V. 

D— Sec. 

Log  VD. 

1 

20  per  cent,  solution. 

a 

0-180 

0-00235 

4^626 

426 

c 

0-245 

0^00190 

4^631 

526 

•290 

•00243 

4^848 

413 

•290 

•00205 

i-115 

488 

•345 

•00256 

4-946 

391 

•355 

•00213 

4-879 

469 

•385 

•00264 

3-009 

379 

•370 

•00220 

^•911 

455 

•420 

•00272 

3-057 

368 

•410 

•00230 

$•975 

435 

•450 

•00279 

§•100 

358 

•430 

•00235 

3-004 

426 

•470 

•00282 

§•124 

355 

•475 

•00246 

§-068 

407 

•480 

•00288 

§•140 

347 

•495 

•00251 

§-093 

398 

•520 

•00302 

§•196 

331 

•520 

•00254 

3-121 

394 

•550 

•00320 

§•246 

313 

•550 

•00265 

§•164 

377 

•575 

•00335 

3-286 

299 

•565 

•00277 

§•196 

361 

•600 

•00360 

3-334 

278 

•590 
•610 
•630 
•640 
•655 

•00285 
•00293 
•00305 
•00315 
•00343 

§•225 
§•253 
§-283 
§-305 
§•352 

351 
341 

328 
317 
292 

b 

0^240 

0^00205 

4^692 

488 

d 

0-305 

0-00165 

4^702 

606 

•310 

•00220 

4^834 

456 

•330 

-00168 

4^744 

595 

•335 

•00225 

4-877 

444 

•360 

•00180 

4^835 

556 

•365 

•00237 

4-937 

422 

•410 

•00185 

4-880 

541 

•405 

•00245 

4-997 

408 

•420 

•00186 

4-893 

538 

•440 

•00257 

3-053 

389 

•470 

•00208 

4-990 

481 

•500 

•00273 

§•137 

366 

•515 

•00225 

§•064 

444 

•510 

•00275 

§•146 

364 

•545 

•00232 

3-100 

431 

•540 

•00285 

§•188 

351 

•570 

•00241 

§•138 

415 

•550 

•00295 

§•210 

339 

•580 

•00250 

§-161 

400 

•565 

•00302 

§•233 

331 

•590 

•00255 

§•179 

392 

•610 

•00335 

3-310 

299 

•600 

•00265 

§•201 

377 

•640 

•00370 

§•375 

270 

•635 
•690 

•00292 
•00360 

§-267 
§-394 

342 
279 

5r 

)er  cent,  solution. 

e 

0^400 

0^00310 

§•093 

323 

9 

0^360 

0^00225 

4-908 

444 

•450 

•00322 

3-161 

311 

•510 

•00274 

§•146 

365 

•465 

•00332 

§•188 

301 

•560 

•00287 

3^207 

348 

•505 

•00348 

§•246 

287 

•605 

•00306 

§•267 

327 

12 

per  cent,  s 

solution. 

f 

0^360 

0^00247 

4-949 

405 

h 

0^200 

0^00258 

4713 

388 

•375 

•00254 

4-979 

394 

•270 

•00270 

^•863 

370 

•420 

•00261 

§-041 

383 

•345 

•00280 

4-985 

357 

•450 

•00275 

§-093 

364 

•385 

•00285 

§•041 

351 

•470 

•00280 

§•121 

357 

•420 

•00290 

§-086 

345 

•520 

•00291 

§•179 

344 

•470 

•00305 

§•155 

328 

•530 

•00293 

§•190 

341 

•490 

•00313 

§•185 

319 

•600 

•00345 

§•316 

290 

•550 
•570 

•00344 
•00370 

§•276 
§•324 

291 
270 
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depression  of  sensitiveness  of  the  sweet  receptors.  The  exact  concen- 
tration of  the  sugar  solution  used  for  this  curve  wa«  not  recorded,  but 
it  is  certain  that  it  was  much  less  than  20  jx^r  cent.  ;  it  h  estimated  to 
have  been  about  12  per  cent.  Other  readings  obtained  with  this  solution 
are  not  given  here  on  account  of  the  uncertainty  of  concentration. 
They  all,  however,  indieatod  depression  of  the  remaining  sensations. 
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Fiu.   9. — Direct  action  of  sweet  stimulus. 


It  was  inferred  that  if  the  concentration  of  the  solution  were  made 
still  less,  depression  of  the  sensations  would  replace  enhancement. 
Accordingly  a  series  of  curves  was  obtained  after  stimulation  with  a 
5  per  cent,  solution  of  sugar.  The  curves  e,f,  g  obtained  show  depression 
of  the  sensations.  Curve  c  indicates  a  high  degree  of  depression  of  the 
sweet  sensation.  Though  the  curve  has  been  drawn  its  full  course, 
yet  it  is  to  be  noted  that  readings  fall  only  on  the  upper  half.     The 
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explanation  of  this  probably  is  that  the  depression  of  the  receptors  was 
so  great  that  the  threshold  of  stimulation  was  raised  to  such  a  degree 
that  it  required  twice  the  normal  intensity  of  potential  to  arouse  a 
perceptible  sensation.  Curves  /  and  g  for  the  salt  and  sour  sensations 
show  slight  depression,  and  also  raised  threshold  values,  as  indicated  by 
the  position  of  the  lowest  point  on  each. 

These  results  lead  to  the  important  conclusion  that  the  effect  of  a 
stimulus  upon  the  gustatory  receptors  depends  upon  its  concentration, 
low  concentration  causing  depression  of  sensitiveness  in  excess  of 
enhancement,  and  high  enhancement  in  excess  of  depression. 

These  results  are  intimately  connected  with  the  interpretation  of  the 
straight  line  graphs  shown  in  fig.  3.  Each  graph  consists  of  three 
portions,  as  in  vision  and  touch,  corresponding  to  intensities  of  stimula- 
tion which  may  be  distinguished  as  low,  medium,  and  high.  When  the 
concentration  of  the  solutions  corresponded  to  the  low  intensities, 
depression  of  sensitiveness  of  the  receptors  resulted.  When  the  con- 
centration was  of  medium  intensity,  the  result  was  enhancement  of  the 
receptors.  With  concentrations  of  high  intensities,  probably  combina- 
tions of  these  two  actions  on  the  four  receptors  would  be  obtained, 
enhancing  some  and  depressing  the  rest,  as  was  obtained  with  other 
stimuli. 

With  concentrations  corresponding  to  the  intensities  at  which 
changes  of  slope  in  the  graphs  (fig.  3)  occur,  there  would  probably  be 
neither  enhancing  nor  depressing  effects  upon  the  four  receptors. 

Evidently  further  research  on  the  effects  of  graded  series  of  concen- 
trations is  needed  for  the  complete  analysis  of  this  subject.  The  writers 
venture  to  express  the  hope  that  other  investigators  may  become 
interested  in  the  application  of  this  method,  and  greatly  extend  as  well 
as  confirm  or  correct  the  general  results  we  have  herein  set  forth. 

The  nature  of  the  processes  involved  in  the  sensory  apparatus  is 
much  elucidated  by  the  experiments  now  to  be  described. 

The  left  side  of  the  tongue  was  stimulated  with  the  1|  per  cent, 
solution  of  acetic  acid  in  the  usual  manner,  and  the  measurements  were 
made,  as  before,  on  the  right  side  of  the  tongue,  the  electrodes  being 
placed  exactly  on  the  same  spot  as  before.  The  readings  are  given  in 
Table  VII.,  and  the  corresponding  graphs  are  shown  in  fig.  10.  The 
reflex  curves,  a,  b,  and  c,  are  below  the  corresponding  normals,  indicating 
reflex  enhancement  of  the  sweet,  salt,  and  sour  receptors.  The  very 
short  curve  d  indicates  that  the  bitter  sensation  was  also  enhanced. 
There  is,  however,  a  complete  absence  of  readings  for  the  lower  voltages, 
for  which  the  writers  have  no  explanation. 

Similar  curves  were  obtained  by  stimulating  the  left  side  of  the 
tongue  with  a  20  per  cent,  solution  of  sodium  chloride.  They  are  plotted 
in  fig.  11  from  the  readings  in  Table  VIII.  In  nearly  every  respect  they 
are  like  those  obtained  with  acetic  acid,  since  each  of  the  reflex  curves 
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a,  b,  c,  and  (/  lies  below  the  normal,  indicating  reflex  enliancement  of 
sensitiveness.  It  will  be  noted,  however,  that  in  this  case  there  are  no 
readings  in  the  central  part  of  curve  (/  fur  bitter. 

With  stimulation  by  these  two  substances,  acetic  acid  and  sodium 
chloride,  enhancement  of  all  four  gustat(jrv  sensations  is  produced  by 
sensory  reflex  acti(^n. 

These  results  correspcjnd  exaetl\  with  similar  phenoUH-na  found  in 
vision  (1),  for  when  one  eye  was  stimulated  with  Jjright  light,  the  three 
primary  sensations,  red,  green,  and  violet,  in  the  other  were  enhanced 
in  sensitiveness.     When  one  side  of  a  n-tina  was  similarlv  stimulated, 


Tabi^k  VII.-  Hkklex  Action'  with   l-.'j  per  cent.  Solvtion  of  Acetic  Acid. 


XmU 

Duratiuu 

Log  Q- 

I'D. 

\'olt 

Duration 

LnnQ^ 

I  D. 

\' 

n      Soc. 

Log  VD. 

V. 

D     Se<-. 

Log  VD. 

'( 

u-iiou 

n(i(i22.') 

^•(J53 

444 

f' 

0  305 

000202 

4-790 

495 

•:Jou 

•1  Ml  2  54 

4-949 

394 

•415 

•00223 

4-900 

448 

•410 

•00205 

3037 

377 

•490 

•00250 

3-090 

400 

•4n.-. 

•00277 

.^•0S3 

301 

-525 

•00260 

3-137 

3^5 

•4;mi 

•(I02.SS 

."{•149 

347 

•580 

•00275 

3204 

3(i4 

•r)40 

•00308 

3-220 

325 

•()20 

•00300 

32  70 

333 

-.ITU 

•00330 

:5274 

303 

•r.oo 

•00330 

3-338 

303 

•r)So 

•0U355 

3-314 

282 

/, 

(IL'l.- 

(100198 

4^r.29 

505 

d 

0^040 

000285 

3-200 

385 

•i_'(i 

•00240 

:?004 

417 

•000 

•OU308 

3-3U8 

325    1 

•495 

•00209 

.11 24 

372 

•r.40 

•00285 

3-188 

351 

•r)SO 

•oo:u»5 

3-248 

328 

•585 

•003  1  I 

.3- 2*10 

322 

•(iOO 

•00324 

.3-288 

309 

•()!.-) 

•O032".i 

3- .305 

304 

enhancement  of  the  three  sensations  in  the  other  side  also  resuiied. 
These  effects  are  readily  exj)lained  as  the  result  of  sensory  reflex  action. 

In  the  sense  of  touch  also  (.3)  it  Mas  found  that  stimulation  of  t>ne 
flnger  caused  enhancement  of  the  tactile  sensations  in  another  in  precisely 
the  same  manner. 

In  all  three  senses,  therefore,  we  find  the  same  phenomena  occurring, 
anil  there  can  be  n(»  doubt  that  the  mode  of  transference  of  the  action 
of  the  stimulus,  as  well  as  its  transformation  into  an  enhancing  effect, 
must  be  due  to  the  same  cause  in  each,  namely,  sensory  reflex  action. 

The  last  experiments  ikuv  to  be  described  are.  however,  altogether 
ilifferent  in  their  result.  When  the  left  side  of  the  tongue  was  stimulated 
with  the  1^  per  cent,  solution  of  quinine  bisulphate.  the  graphs  shown  in 
lig.  12  were  obtained  from  observations  on  the  right  side  of  the  tongue. 
The  measurements  are  given  in  Table  IX.     In  this  figure  curves  a,  6,  c, 
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and  d  are  elevated  above  the  corresponding  normals,  showing  that  the 
reflex  action  in  this  case  did  not  cause  the  customary  enhancement,  but 
depression  of  sensitiveness  of  all  four  sensations. 

In  light,  a  similar  phenomenon  has  long  been  known  as  the  Fechner 
Paradox.     When  a  piece  of  white  paper  has  been  fixated  by  one  eye, 
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-Reflex  action  of  sour  stimulus. 


the  other  being  blindfolded,  a  feeble  light  introduced  into  the  latter 
causes  the  white  paper  to  appear  darker.  So  in  the  sense  of  taste,  a 
feeble  bitter  stimulus  on  one  side  of  the  tongue  causes  the  sensations 
on  the  other  side  to  become  less  responsive.  This  is,  therefore,  the 
gustatory  equivalent  of  the  Fechner  Paradox. 

While  these  experiments  were  in  progress,  an  investigation,  conducted 
by  one  of  the  writers  (Allen)  into  the  effects  of  colours  of  varying 
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intensity  upon  tin-  colour  sensations,  disclosed  the  fact  that  colours 
corresixjnding  in  intensity  to  the  lowest  branch  of  the  curve  for  vision, 
in  fig.  4,  depressed  the  three  primary  sensations,  whether  stimulation 
was  in  the  same  eye  as  was  used  for  measurement,  or  in  the  other. 
When,  however,  the  colours  were  of  medium  intensities  corresponding 
to  the  second  l)ranch  oi  the  curve,  the  opposite  effect,  enhancement,  was 
produced  in  all  the  sensations. 

These  investigations,  to  be  published  shortly,  lead  to  the  conclusion 
that  depressory  elfects  upon  the  receptor  end-organs  are  also  transferred 


T.\BLK  \'I1I. — Reflex  Action  with  2u  per  cent.  SoLfTiox  of 

Sodium  CHroRiDE. 
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l>y  reflex  action  in  a  thoroughly  systematic  manner.  Since  reflex  action 
causes  opj)osite  elTects.  the  complete  theory  must  embrace  both.  The 
conclusion  follows  that  stimulation  of  a  sensory  entl-organ,  in  addition 
to  the  excitation  of  a  .sensation  in  the  central  organs,  causes  the  simul- 
taneous production  or  release  of  two  sets  of  efferent  nerve  impuL'^ej', 
one  causing  depression  and  the  other  enhancement  of  the  sensory 
receptors.  When  the  stimulus  is  weak,  depression  exceeds  enhancement ; 
when  strc^ng,  enhancement  exceeds  depression.  From  the  exjieriments 
in  light  just  referred  to,  as  well  as  from  the  graphs  in  figs.  7,  8.  and  9, 
the  eflects  under  varvincr  strengths  of  stimulation  mav  be  a  little  more 
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complicated.  For  it  has  been  found  also  that  one  or  more  sensations 
may  be  depressed  and  the  complementary  remainder  enhanced  by  the 
stimulus.  It  will  also  follow  that  when  the  stimulus  is  of  an  intensity 
corresponding  to  a  point  where  the  change  in  slope  of  the  curves  (fig.  3) 
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Fig.   11. — Reflex  action  of  salt  stimulus. 


occurs,  neither  depression  nor  enhancement  of  the  sensations  should 
occur  ;  that  is,  the  two  reflex  effects  counterbalance.  This  is  indicated 
in  the  curves  for  sugar  (fig.  9),  and  has  also  been  found  in  vision.  These 
phenomena  indicate  very  clearly  that  the  state  and  phenomena  of 
reciprocal  innervation  that  Sherrington  has  so  elegantly  demonstrated 
in  muscular  movements  are  also  to  be  found  underlying  all  sensory 
actions. 
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The   equations   representing   the    yarious   sensory   actions   are   now 
seen  to  possess  some  significant  uniformities  :  — 

i  =  iHogI-fC        (Vision) 

^=-i-logQ      ("   (Taste) 

D-A-logP^C       (Audition) 
D=-ytlogP-  C  (T(.uch) 
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Fig.    12. — Kollex  action  of  bitter  stimulus. 

In  the  first  t>yo,  involving  the  reciprocal,  .  of  the  time  of  the  per- 
sistence of  the  effect  of  stimulation  at  its  critical  frequency.  Ioav  inten- 
sities caused  depression  to  exceetl  enhancement,  and  higher  the  reverse. 
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In  the  last  two  equations,  where  D  appears  directly,  low  intensities  of 
stimulation  cause  enhancement  to  exceed  depression,  and  higher  the 
reverse.  This  has  been  proved  experimentally  for  all  senses,  except 
for  low  intensities  in  audition.  The  difference  in  form  of  the  left-hand 
members  of  the  two  pairs  of  equations  is  evidently  determined  by 
similarities  and  differences  in  the  nerve  actions. 

The  positive  and  negative  signs  have  a  mathematical  significance  in 
reference  to  the  slope  of  the  graphs  and  their  axial  intercepts  ;  but  we 
do  not  at  present  see  their  physiological  meaning. 

It  may  be  recorded  here  that  an  attempt  was  made  in  this  laboratory 


Table  IX. — Reflex  Action  with  0-125  per  cent. 
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to  reduce  the  sense  of  smell  to  measurement  by  the  same  electrical 
method  described  in  this  paper.  An  undoubted  effect  was  obtained 
by  placing  long  electrodes  in  the  nostrils,  but  the  intermittent  current 
evoked  sneezing  to  such  an  extent  that  not  a  single  measurement  could 
be  obtained.  It  is  quite  possible  that  some  other  investigator  may  be 
successful  in  devising  a  method  to  overcome  this  difficulty. 

ZwAARDEMAKER  (7)  is  of  the  opinioii  that  there  are  nine  fundamental 
olfactory  sensations.  If  this  be  the  case,  then  the  experimental  results 
by  this  method  should  prove  even  more  complicated  than  those  obtained 
in  taste.  It  is  therefore  all  the  more  desirable  that  a  suitable  method 
for  the  analysis  of  the  olfactory  sensations  should  be  devised. 
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In  figs.  \'\.  14,  15,  and  10  are  sliown  thi-  normal  curves  for  each  of 
the  taste  sensations,  sweet,  salt,  sour,  and  bitter  re8|x;ctively,  together 
with  similar  graphs  for  the  enhancement  and  di-pressicjn  of  each  sensa- 
tion, all  reduced  to  logaiithmic  form.  In  each  figure  the  middle  graph 
is  the  normal,  the  highest  is  tiiat  for  i-niiancement,  and  the  lowest  for 
depression.  The  graj>hs  for  each  of  the.>^e  are  selected  from  the  preceding 
figures,  their  origin    Ix-intr  clearly  indicated  in  the   ujiper  part  of  each 
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Fio.  13. — Normal,  enhiinooniont  ami  iJopro.s.sion  graphs  for  the  sweet  sensfttion.  Curvos 
are  from  the  ligiiro.s  iiuiicatcd,  retiueed  to  logarithnuc  foriu.  Curves  a  ftiul  t  show 
anomalous  enhaucement  of  the  sweet  sensation  in  tig.  8. 

diagram.  These  also  iden.tify  the  vahies  in  the  various  tables  from 
which  they  are  plotted.  Most  of  the  graphs  in  the  figures  have  the 
three  branches  in  a  marked  degree  ;  others  do  not  show  the  upjx^rmost 
branch  because  of  insutiicient  readings.  There  can  be  no  doubt,  how- 
ever, that  when  fully  and  correctly  developed,  all  graphs  have  the 
third  branch. 

These  ligurcs  })rove  that  the  curves  obtained  after  the  direct  and 
reflex  actions  of  tiie  various  stimuli  employed  have  had  time  to  produce 
their  characteristic  effects  upon  the  gustatory  receptors,  likewise  con- 
form to  the  same  mathematical  law  as  the  normals.     Their  convergence 
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indicates  also  that  the  two  constants  in  the  equation  have  values  differing 
from  the  normal  in  each  of  the  three  branches.  This  is  to  be  expected, 
since  the  action  of  any  stimulus  cannot  destroy  or  alter  the  character  of 
the  response  of  the  receptors,  but  only  the  magnitude. 

The  convergence  of  the  graphs  to  a  point  at  high  intensities  is  very 
striking,  and  perhaps  indicates  that  after  meeting  they  would  combine 
into  one  with  a  further  change  of  slope. 

In    discussing    the    direct    action    of    sodium    chloride,    a    striking 
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ormal,  enhancement  and  depression  graphs  for  the  salt  sensation, 
are  from  the  ligures  indicated,  reduced  to  logarithmic  form. 


peculiarity  in  its  enhancing  action  upon  the  sweet  receptors  was  shown 
in  fig.  8.  In  fig.  13,  the  two  enhancement  curves  from  the  former  figure 
are  drawn  in  logarithmic  form  to  a  somewhat  different  vertical  scale, 
and  displaced  to  the  right  to  avoid  interference  with  the  main  diagram. 
The  vertical  dotted  lines  clearly  indicate  that  curve  e  fits  into  the 
vacant  part  of  curve  a.  Both  are  enhancement  curves  ;  but  for  some 
reason  the  enhancing  action  of  sodium  chloride  has  caused  an  extra- 
ordinary degree  of  sensitiveness  of  the  sweet  receptors  to  stimuli  corre- 
sponding in  intensity  to  the  middle  portion  of  curve  a. 
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The  legitimacy  of  the  method  of  electrical  i^tiinulation  of  the  sensa- 
tions of  taste  by  means  of  electrolysis  of  the  saliva  is  so  fully  established 
by  all  the  experimental  results  which  liave  now  been  set  forth,  that  no 
further  argument  appears  to  be  necessary. 

The  question,  however,  arises  whether  there  is  only  one  type  of  end- 
organ  which  is  responsive  to  all  taste  stimuli,  the  different  sensations 
bein4j  due  to  different   degrees  of  stimulation  ;    or   whether  there  are 
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Fio.    15. — Normal,  ciihunconient  and  depression  graphs  for  the  sour  sensation. 
Curves  arc  from  the  figures  indicated,  reduced  to  logarithmic  form. 


present  in  the  tongue  four  independent  or  partially  independent  gusta- 
tory end-organs,  each  sensitive  specifically  to  one  definite  primary  taste. 
Only  one  argument  appears  to  favour  the  former  view,  namely,  that  no 
person  has  yet  been  fouiul  insensible  to  one  or  more  of  the  })rimary 
tastes.  Such  a  gustatory  condition  would  be  aiuilogous  to  colour- 
blindness in  vision.  The  latter  view  is  supportetl  by  all  the  exjH^rimental 
evidence  here  })rcsented.  as  well  as  by  the  phenomena  previously  observed 
through  other  methods. 

There  are  many  striking  resemblances  between  visual  and  gustatory 
sensations.     Perhaps   the    most   obvious   and    prominent   is   that   each 
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sense  is  characterised  by  a  limited  number  of  definite  sensations,  three 
in  vision  and  four  in  taste.  Though  partially  independent  of  each  other, 
they  are,  however,  bound  together  by  both  the  afferent  and  efferent 
nerve  systems  to  such  an  extent  that  every  adequate  stimulus  acts 
and  reacts  on  each,  thereby  making  every  perception  of  colour  or  taste 
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Fig.   16.— Normal,  enhancement  and  depression  graphs  for  the  bitter  sensation. 
Curves  are  from  the  figures  indicated,  reduced  to  logarithmic  form. 

a  composite  result,  in  which  one  or  more  single  factors  predominate  over 
the  remainder. 

In  consequence  of  these  mutual  interactions,  colour  and  gustatory 
sensations  are  never  saturated,  and  in  each  sense  an  almost  infinite 
number  of  combinations  become  possible.  This  gives  in  the  one  case 
an  extraordinary  richness  in  the  variety  of  colour  effects  which  are 
presented  in  nature  and  in  art,  and  in  the  other  an  equal  wealth  of 
gustatory  experiences,  which,  though  not  regarded  on  as  high  an  artistic 
level  as  the  former,  and  pecuHarly  susceptible  of  great  abuse  and  debase- 
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ment,  contribute  immensely  to  tlie  enjoyment  of  life,  and  deservedly  are 
recognised  among  the  refinements  of  civilisation. 

The  analogy  between  complementary  tastes  and  complementary 
colours,  as  well  as  between  simultaneous  and  successive  contrast  in  the 
two  senses,  is  \v<ll  kiiowii.  and  has  been  refcrrctl  tu  at  the  beginning  of 
this   paper. 

Tilt'  subjt'iti\('  pht'iKimena  of  vision,  such  as  negative  aft<*r-image8 
and  the  self-light  of  the  retina,  nuiy  possibly  have  analcjgies  in  taste. 
Should  this  be  the  case,  a  single  taste  stimulus  might  be  exiwcted  to 
be  followed  by  a  negative  after-image  consisting  of  a  complementary 
taste  produced  without  any  stimulus,  but  arising  from  the  continuance 
of  efferent  nerve  discharges.  Quite  possibly,  also,  some  sensations  of 
taste,  perceived  under  peculiar  conditions,  but  without  external  stimula- 
tion, may  be  analogous  to  the  self-light  of  the  retina,  which  one  of  the 
writers  has  indicated  (G)  to  be  probably  of  rellex  origin. 

Adequate  stimulation  of  the  gustatory  sensations  usually  occurs 
simply  by  placing  materials  upon  the  tongue.  With  some  substances, 
especially  those  that  are  not  readily  dissolved,  a  more  intimate  contact 
with  the  gustatory  receptors  must  be  obtained  l>y  a  simple  mechanical 
device.  This  is  provided  l)y  j)ressing  the  sul)stance  with  the  tongue 
against  the  ridges  on  the  roof  of  the  mouth,  which  prevent  it  from  slipping 
over  the  otherwise  smooth  lubricated  surface.  By  this  means  the 
tongue  may  be  rubbed  over  the  stationary  material,  forcing  it  into  the 
closest  possible  contact.  With  smooth  artificial  plates  this  action  is 
greatly  lessened,  which  sometimes  interferes  with  taste  perceptions.  A 
plate,  therefore,  should  have  reproduced  upon  its  surface  every  feature 
that  characterises  the  portion  of  the  roof  of  the  mouth  which  it  covers. 

The  sensory  interactions  described  in  this  paper  are,  no  doubt,  the 
unconscious  basis  of  a  well-ordered  menu,  as  well  as  of  the  approved 
seasoning  of  various  articles  of  food.  riic  sharp  taste  contra^^ts  com- 
monly used  enhance  the  momentarily  depressed  sensations,  rendering 
the  perceptions  of  various  flavours  more  vivid,  just  as  an  artist  empU)ys 
contrastin<f  colours  to  heighten  the  effect  of  a  colour  sc-heme.  Sui-li 
considerations  as  these  may  be  of  some  practical  service  in  the  science 
of  dietetics,  not  only  in  normal  life,  but  also  in  the  various  pathological 
conditions  in  whicii  a  proper  and  inviting  diet  is  at  once  of  great  import- 
ance and  ditlieult  to  arrange. 

The  development  of  ex])erimental  psych(jlogy  has  been  excessively 
hampered  by  the  impossibility  of  devising  definite  units  of  sensation. 
This  investigation  may  jiossilily  remc^ve  that  disability  in  some  degree, 
not  indeed  by  providing  units,  but  by  demonstrating  thai  untler  certain 
conditions  sensations  are  accurately  associated  with,  or  propt)rtional  to, 
time  measurements.  To  the  extent  therefore  in  which  sensory  pheno- 
mena can  be  associated  with  intervals  of  time,  psychology  may  be  placed 
on  the  basis  of  exact  measurement. 
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This  investigation  is  one  of  a  series  of  researches  relating  to  colour 
vision  and  other  sensory  actions  now  being  conducted  under  the  direction 
of  Professor  Frank  Allen,  with  the  financial  assistance  of  the  Research 
Council  of  Canada,  to  which  body  we  desire  to  express  our  thanks. 
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Winnipeg,  Canada. 
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TliK  frequent  occurrence  of  phenomena  which  depend 
for  their  exphuiation  upon  the  principle  ot  the  per- 
sistence of  vision  was  the  evident  reason  why  this  part  of 
physiological  optics  received  very  early  attention.  The 
peculiar  appearance  of  rapidly  rotating  bodies,  such  as  the 
apparent  smoothness  which  routih  surfaces  assume,  the 
transparency  of  wheels,  the  periodic  visibility  ot  the  limbs 
of  animals  in  swift  motion,  have  been  noticed  by  observers 
in  ancient  times,  and  in  some  cases  correctly  accounted  for 
bv  the  fact  that  the  sensation  continues  tor  some  time  atter 
the  exciting  cause  ceases  to  act. 

It  can  scarcelv  be  doubted  that  people  in  the  earliest  ages 
have  seen  the  circle  ot  light  produced  by  revolving  a  burning 
coal  on  the  end  ot  a  stick.;  yet  the  first  record  ot  this  observa- 
tion is  in  the  Htth  century  ot  our  era. 

According  to  Plateau*,  to  whose  historv  ot  this  subject 
we  are  greatlv  indebted,  the  writings  ot  Arist<}t!e  (384  -  322 
H.  C.)  contain  the  first  known  references  to  the  persistence 
of  vision,  in  his  treatise  O;/  Dreams^  Aristotle,  in  illustrating 
their  origin,  mentions  the  effect  obtained  when  looking  at  a 
dark  object  after  glancing  at  the  sun.  "The  result  is",  he 
says,  "that  one  sees  nothing  owing  to  the  tact  that  the  sense- 
process  stimulated  bv  the  light,  still  lurks  in  the  eyes.  And 
if  one  looks  a  long  time  at  a  single  color,  whether  it  be  \Nhite 
or  green,  things  appear  to  be  similarlv  colored  wheresoever 
we  turn  our  eves.  Again  it  ue  look  at  the  sun  and  then  shut 
our  eves  there  appears  first  of  all  a  color  like  the  actual  one, 
which  then  changes  to  scarlet,  then  to  purple,  until  it  passes 
into  blackness  aiul  \anishes." 

*Memoir,  pulilishcd  in  I8~~  by  the  Belptim  Adidemy  of  Sciences. 
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Aristotle  also  refers  to  the  illusion  of  motion  produced  by 
directing  the  attention  to  objects  at  rest  after  looking  for 
some  time  at  a  swiftly  flowing  stream  of  water. 

These  illustrations  of  the  continuance  of  impressions  in 
the  organ  of  vision  are  used  by  the  Greek  philosopher,  not 
to  found  a  science  of  physiological  optics,  but  to  afford  an 
explanation  of  dreams,  which  accordingly  are  considered  to 
be  the  persisting  images  or  after  motions  of  sensations.  For 
some  of  the  sense  impressions  occurring  during  our  waking 
state  are  forced  into  the  background  by  the  exercise  of  the 
intellect.  But  when  the  latter  is  quiet  in  sleep  and  the  judg- 
ment and  will  are  powerless  to  interfere,  the  neglected  but 
persisting  sensations  come  to  consciousness  in  dreams. 

Three  centuries  later  the  poet  Lucretius  (95  -  51  B.  C.) 
endeavored  to  account  for  dreams  in  a  far  different  and  more 
materialistic  manner,  but  yet  one  involving  somewhat  the 
same  idea.  For  this  purpose  he  makes  use  of  the  theory  of 
vision  of  Epicurus  which  he  develops  in  great  detail.  All 
bodies  have  certain  properties  by  virtue  of  which  images 
{simulacra),  like  delicate  films,  are  constantly  being  pealed 
off  from  their  surfaces  and  projected  away  with  great  velo- 
city. These  images  are  characterised  by  extreme  fineness  of 
texture  and  are  of  varying  degrees  of  thinness.  They  never 
lose  their  identity,  form,  and  color.  In  their  aimless  journey- 
ings  it  is  possible  for  two  images  to  coalesce  into  one.  "For 
assuredly,"  says  Lucretius,  "no  image  of  a  centaur  is  formed 
out  of  a  live  one,  since  no  such  living  creature  ever  existed; 
but  when  images  of  a  horse  and  a  man  by  chance  come  to- 
gether they  readily  adhere  at  once  on  account  of  their  fine 
nature  and  thin  texture." 

Usually  these  images  excite  vision  by  entering  the  eyes  in 
a  constant  stream.  But  during  sleep  images  possessing  an 
extraordinary  degree  of  thinness  enter  through  the  pores  of 
the  body  and  impress  the  mind  within,  so  causing  dreams. 
Furthermore,  "it  is  not  strange  that  images  move  and  throw 
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about  their  arms  and  limbs  in  regular  measure:  for  some- 
times in  sleep  an  image  is  seen  to  do  this.  \\  hen  the  first  has 
gone  antl  a  second  has  been  born  in  another  posture,  the 
former  one  seems  to  have  altered  its  attitude.  This,  re- 
member, vou  must  assume  to  take  place  with  exceeding 
celerity." 

In  rhis  passage  Lucretius,  amidst  all  his  fantastic  err<jrs, 
has  enunciated  the  principle  of  the  motion  pictures  which 
have  been  brought  to  such  a  state  of  perfection. 

The  difficulty  of  explaining  the  formation  of  the  rainbow, 
in  earlv  times  occasioned  man\'  theories  of  light  and  color, 
which,  though  full  of  absurdities,  nevertheless  display  the 
unfailing  resourcefulness  of  the  philosophic  mind.  Not  the 
least  ingenious  was  that  of  Seneca  (4  B.  C.  -  65  A.  D,),  the 
tutor  and  apologist  of  Xero.  According  to  him  the  rainbow 
is  due  to  the  image  of  the  sun  reflected  by  each  of  the  falling 
raindrops.  These  innumerable  images  are  not  intermittent 
but  are  combined  by  the  eve  into  one  continuous  but  elon- 
gated effect.  The  colors  were  supposed  to  be  produced  in 
some  inexplicable  fashion  bv  the  combination  of  the  sun  and 
its  image. 

In  the  second  century  of  our  era,  Ptolemy  records  the 
observation  that  if  a  disk,  is  painted  with  different  colors  and 
rotated  with  sufficient  velocitv,  the  separate  colors  can  no 
longer  be  distinguished  but  are  blended  into  a  single  tint 
which  results  from  the  mixture.  If  the  colors  are  at  different 
distances  from  the  center,  each  gives  the  appearance  of  a 
circle  of  the  same  color.  To  the  same  cause,  in  the  opinion 
of  Ptolemy,  on  account  of  the  rapidity  of  their  flight,  meteors 
owe  the  appearance  of  lontT  luminous  trains. 

Ptolemy  also  mentions  the  occurrence  of  positive  after- 
images under  such  conditions  as  were  stated  bv  Aristotle. 

The  first  recorded  observation  of  the  luminous  curve 
traced  by  a  burning  bodv  moving  rapidlv  in  the  dark  is  that 
of  Boethius  (455 — 525  A.  D.j  at  the  end  of  the  fifth  century. 
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This  has  a  peculiar  interest  as  it  served  Segner  and  D'Arcy 
more  than  a  thousand  years  later  as  a  means  of  measuring 
the  duration  of  the  sensation  of  light  upon  the  eye. 

An  explanation  of  this  phenomenon  was  attempted  by  the 
Arabian  physician  and  philosopher,  Avicenna  or  Ebn  Sina, 
(980 — 1037),  "the  most  extraordinary  man  that  the  nation 
produced."  The  appearance  of  the  revolving  fire-brand  is 
due  to  the  arrival  at  the  common  sensorium  of  a  series  of 
images  which,  owing  to  their  rapid  succession,  are  not  judged 
with  sufficient  rapidity  to  be  separately  distinguished,  and 
in  consequence  they  appear  altogether  circularly  arranged. 

Another  explanation  of  the  persistence  of  vision  was  given 
a  little  later  by  Alhazen  (d.  1038).  In  his  opinion  the  seat  of 
vision  was  the  crystalline  lens,  which  exercised  at  once  the 
functions  of  a  transparent  and  of  a  sentient  body.  Light 
and  colors  made  it  undergo  certain  modifications  which  re- 
sulted in  sensation.  The  continuance  of  these  modifications 
for  a  short  time  after  their  cause  ceased  to  act  gave  rise  to 
the  peculiar  phenomena  of  the  persistence  of  vision.  To 
Alhazen  is  due  the  colored  top  which  offered  a  simpler  method 
of  mixing  colors  than  the  disk  of  Ptolemy. 

In  the  thirteenth  century  Albert  le  Grand  remarked  that 
the  apparent  straight  lines  traced  by  falling  raindrops  were 
due  to  the  persistence  of  vision. 

Father  D'Aguillon  (1567 — 1617)  seems  to  have  held  much 
clearer  views  than  his  predecessors  respecting  visual  im- 
pressions. According  to  him  images  do  not  persist  in  the  eye 
after  the  disappearance  of  the  objects  which  produce  them; 
for  images  necessarily  vanish  with  their  causes;  that  which 
endures  for  some  time  is  a  certain  alteration  which  the  organ 
of  vision  has  suffered  from  the  action  of  light.  In  connection 
with  his  views  he  concludes  that  Aristotle  was  deceived  in 
attributing  dreams  to  the  mere  continuance  of  visual  im- 
pressions. D'Aguillon  also  remarked  that  bodies,  such  as 
bullets,  moving  with  great  velocity  fail  to  make  any  im- 
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pression  on  the  eye;  and  also  that  bodies  that  arc  moving  at 
such  a  speed  as  to  be  only  indistinctly  visible  appear  to 
occupv  at  one  time  all  the  space  they  describe. 

A  retrograde  step  was  made  by  Michaelius  (1645),  who 
attempted  to  show  that  visual  images  are  not  continued  in 
any  ot  the  parts  of  the  eye,  but  only  in  the  imagination. 
After  looking  at  a  window  for  some  time  the  eves  are  closed 
to  watch  the  image  closely.  A  sudden  pressure  is  exerted  on 
the  eves  bv  the  Hngers  which  causes  a  bright  scintillating 
light  which  envelopes  the  whole  retina.  It  the  image  were  on 
the  retina  this  light  ought  not  to  be  perceived  at  all,  or  the 
impression  should  be  slightly  enteebleil.  fhe  observed  re- 
appearance of  the  image  after  it  had  ceased  for  a  moment  to 
be  visible  was  attributed  to  a  conflict  between  the  imagina- 
tion and  the  judgment  in  which  they  were  alternately  victor- 
ious. "The  former  sees  in  its  turn  what  the  latter  declares 
to  have  no  existence." 

Among  his  observations  on  colors,  Robert  Hovle,  "the 
father  of  chemistry  and  the  uncle  of  the  Karl  of  Cork.",  cites 
as  an  extreme  illustration  of  the  persistence  of  vision  the 
case  of  a  man  who,  without  protecting  his  eyes,  looked  at  the 
sun  through  a  telescope.  At  the  time  Boyle  wrote  (1663)  the 
image  of  the  sun  had  persisted  for  ten  years. 

In  1667  Father  Fabri  stated  his  opinion  that  the  visual 
effect  produced  by  a  burning  coal  in  rapid  motion  is  due  to 
the  impression  which  is  caused  at  the  back  of  the  eve  bv  the 
luminous  object  lasting  for  some  time.  Plateau  considers 
this  to  be  the  first  time  that  anyone  has  clearly  attributed  an 
eftect  of  this  kind  to  the  persistence  of  visual  impressions. 

P'ather  Deschales  (1674)  attacked  the  views  of  Alhazen 
and  D'Aguillon,  and  substituted  for  their  obscure  explana- 
tions the  principle  of  the  persistence  of  vision,  in  support 
of  this  principle  he  cites  several  illustrations.  In  the  game 
which  children  play  a  coin  is  pressed  for  some  moments 
against  the  forehead  and  then  removed  without  the  person 
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being  aware  of  it.  The  sensation  persists  so  vividly  that  the 
child  will  make  all  sorts  of  grimaces  to  cause  the  imaginary 
coin  to  fall. 

In  an  analogous  manner  persons  who  have  looked  for 
some  time  at  an  eclipse  of  the  sun  with  unprotected  eyes, 
have  seen  continually  before  them  for  a  month  a  yellowish 
image  of  the  sun. 

Deschales  also  cites  in  this  connection  the  succession  of 
after  images  seen  after  viewing  a  brilliant  red  color  for  some 
time.  He  further  remarks  that  the  persistence  of  vision  also 
explains  why  a  very  rough  body  in  rapid  rotation  appears 
uniformly  smooth. 

In  1685  Zahn  was  unfortunate  enough  to  observe  directly 
an  eclipse  of  the  sun.  The  image  persisted  for  a  month,  dur- 
ing which  time  he  saw  apparently  on  every  object  he  looked 
at,  a  large  spot  the  middle  of  which  was  black  and  the  outside 
yellow. 

A  little  later  Mariotte  carried  the  continuance  of  visual 
impressions  to  the  extent  of  making  it  the  chief  cause  why 
objects  and  their  colors  cannot  be  perceived  for  some  time 
after  passing  from  the  light  into  a  darkened  room. 

In  a  letter  to  the  philosopher  Locke  in  1691  Sir  Isaac  New- 
ton wrote: — "The  observation  you  mention  in  Mr.  Boyle's 
book  of  colours,  I  once  made  upon  myself  with  the  hazard  of 
my  eyes.  The  manner  was  this:  I  looked  a  very  little  while 
upon  the  sun  in  the  looking-glass  with  my  right  eye,  and 
then  turned  my  eyes  into  a  dark  corner  of  my  chamber,  and 
winked,  to  observe  the  impression  made,  and  the  circles  of 
colours  which  encompassed  it,  and  how  they  decayed  by 
degrees,  and  at  last  vanished.  This  I  repeated  a  second  and 
a  third  time.  At  the  third  time  when  the  phantasm  of  light 
and  colours  about  it  were  almost  vanished,  intending  my 
fancy  upon  them  to  see  their  last  appearance,  I  found  to  my 
amazement,  that  they  began  to  return,  and  by  little  and 
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little  to  become  as  lively  and  vivid  as  when  I  hail  newly 
looked  uyum  the  sun.  Hut  \s  hen  I  ceased  to  intend  my  fancy 
upon  them,  thev  vanishei.1  again.  After  this,  I  found  that 
as  often  as  I  went  into  the  dark,  and  inteiuied  my  mind  upon 
them,  as  when  a  man  looks  earnestly  to  see  anything  which 
is  difficult  to  be  seen,  I  could  make  the  ]>hantasm  return 
without  hjokinu;  anv  more  upon  the  sun;  and  the  oftener  1 
made  it  return  the  more  easily  1  could  make  it  return  again. 
.And  at  length,  l)y  repeating  this  without  hxjking  any  more 
upon  the  sun,  1  made  such  an  impression  ujxm  my  eye,  that 
if"  I  looked  upon  the  c'ouds,  or  a  book,  or  any  bright  object, 
I  saw  upon  it  a  round  bright  sp(Jt  of  light  like  the  sun:  and, 
which  is  still  stranger,  though  I  looked  upon  the  sun  with 
mv  riyjht  eye  only,  and  not  with  my  left,  yet  my  fancy  began 
to  make  the  impression  upon  my  left  eye  as  well  as  upon  my 
right,  I'or  if  I  shut  my  right  eye  and  looked  with  my  left, 
the  spectrum  of  the  sun  did  not  appear  till  1  intended  my 
fancv  upon  it,  and  by  repeating,  this  apjiearctl  every  time 
more  easily.  And  now  in  a  few  hours  time,  1  had  brought 
my  eye  to  such  a  pass,  that  1  could  look  upon  no  bright  ob- 
ject with  either  eye,  but  1  saw  the  sun  before  me:  but  to 
recover  the  use  of  my  eyes,  I  shut  myself  up  in  my  chamber 
made  dark,  for  three  days  together,  and  used  all  means  to 
divert  mv  imatjination  from  the  sun.  l-'or  it  I  thought  uyxm 
him,  I  presently  saw  his  picture,  thouuh  1  was  in  the  dark. 
But  by  keeping  in  the  dark,  and  employing  my  mind  about 
other  things,  I  began  in  three  or  four  days  to  have  some  use 
for  mv  eves  acain;  and  by  forbearing  a  few  days  longer  to 
look  upon  bright  objects,  recovered  them  pretty  well,  though 
not  so  well,  but  that  for  some  months  after  the  spectrum  of 
the  Sim  began  to  return  as  often  as  I  began  to  meditate  u}"K)n 
the  phenomenon,  even  though  I  lay  in  bed  at  midnight  with 
mv  curtains  drawn;  but  now  I  have  been  \'ery  well  for  many 
vears  though  1  am  apt  to  think,  that  if  I  durst  venture  my 
eves,  I  could  still  make  the  phantasm  return  by  the  pnver  of 
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my  fancy  *  *  *  *  And  so  your  question  about  the  cause  of 
this  phantasm  involves  another  about  the  power  of  fancy, 
which  I  must  confess  is  too  hard  a  knot  for  me  to  untie.  To 
place  this  effect  in  a  constant  motion  is  hard,  because  the 
sun  ought  then  to  appear  perpetually.  It  seems  rather  to 
consist  in  a  disposition  of  the  sensorium  to  move  the  im- 
agination strongly,  and  to  be  easily  moved  both  by  the 
imagination  and  by  the  light  as  often  as  bright  objects  are 
looked  upon." 

Newton  also  made  use  of  the  persistence  of  vision  to  en- 
force his  proof  that  the  recombination  of  the  spectral  colors 
gives  white.  In  his  Opticks  (2nd  Ed.  1718,  p.  122)  he  de- 
scribed an  experiment  in  which  the  colors  of  the  spectrum 
fell  upon  a  lens  which  brought  them  all  into  a  single  white 
spot.  He  then  interposed  in  the  path  of  the  light  a  comb- 
shaped  'instrument'  with  sixteen  teeth,  each  of  which  was 
over  an  inch  wide,  and  with  spaces  between  them  two  inches 
in  width.  When  this  was  moved  slowly  the  spot  changed 
color  continuously. — "But  if  I  so  much  accelerated  the 
Motion,  that  the  Colours  by  reason  of  their  quick  succession 
could  not  be  distinguished  from  one  another,  the  appearance 
of  the  single  Colours  ceased.  There  was  no  red,  no  yellow, 
no  green,  no  blue,  nor  purple  to  be  seen  any  longer,  but  from 
a  confusion  of  them  all  there  arose  one  uniform  white  Colour. 
Of  the  Light  which  now  by  the  mixture  of  all  the  Colours 
appeared  white,  there  was  no  part  really  white.  One  part 
was  red,  another  yellow,  a  third  green,  a  fourth  blue,  a  fifth 
purple,  and  every  part  retains  its  proper  Colour  till  it  strike 
the  Sensorium.  If  the  Impressions  follow  one  another  slowly, 
so  that  they  may  be  severally  perceived,  there  is  made  a 
distinct  Sensation  of  all  the  Colours  one  after  another  in  a 
continual  succession.  But  if  the  Impressions  follow  one  an- 
other so  quickly  that  they  cannot  be  severally  perceived, 
there  ariseth  out  of  them  all  one  common  Sensation,  which  is 
neither  of  this  Colour  alone  nor  of  that  alone,  but  hath  itself 
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indifferently  to  'cm  all,  and  this  is  a  Sensation  <jt*  Whiteness. 
Bv  the  quickness  of  the  Successions  the  Impressions  of  the 
several  Colours  are  confounded  in  the  Sensorium,  and  out  of 
that  confusion  ariseth  a  niix'd  sensation.  If  a  burning  Coal 
be  nimblv  moved  round  in  a  Circle  with  Gyrations  contin- 
ually repeated,  the  whole  Circle  will  appear  like  Fire;  the 
reason  of  which  is,  that  the  Sensati<jn  of  the  Coal  in  the 
several  places  of  that  Circle  remains  impress'd  on  the  Sen- 
sorium, until  the  Coal  return  again  t<j  the  same  place.  And 
so  in  a  quick  consecution  of  the  Colours  the  Impression  of 
every  Colour  remains  in  the  Sensorium,  until  a  revolution 
of  all  the  Colours  be  completed,  and  that  first  Colour  return 
again.  I'he  Impressions  therefore  of  all  the  successive 
Colours  are  at  once  in  the  Sensorium,  ami  jointly  stir  up  a 
Sensation  of  them  all;  and  so  it  is  manifest  bv  this  Experi- 
ment, that  the  comniix'd  Impressions  of  all  the  Colours  do 
stir  up  and  beget  a  Sensation  of  white,  that  is,  that  whiteness 
is  compounded  of  all  the  Colours." 

In  "Query  16"  Xewton  suggested  how  the  measurement 
of  the  presistence  of  vision  might  be  made:  "Anii  when  a 
Coal  of  Fire  moved  nimblv  in  the  circumference  of  a  Circle, 
makes  the  whole  circumference  appear  like  a  Circle  of  Fire: 
Is  it  not  because  the  Motions  excited  in  the  bottom  of  the 
Eye  by  the  Rays  of  Light  are  of  a  lasting  nature,  and  con- 
tinue till  the  Coal  of  Fire  in  going  round  returns  to  its  former 
place?  And  considering;  the  lastingness  of  the  Motions  ex- 
cited in  the  bottom  of  the  Eve  bv  I.ight,  are  thev  not  of  a 
vibrating  nature?" 

A  curious  application  of  the  persistence  of  vision  combined 
with  assumed  small  movements  of  the  eyes  was  made  by 
Jurin  (1738)  to  explain  the  raved  appearance  of  stars.  As 
the  eye  moves  the  image  of  the  star  falls  successively  on 
different  points  of  the  retina,  and  if  the  succession  of  images 
is  excessively  rapid  the  light  from  the  star  by  its  persistence 
will  appear  to  fall  simultaneously  on  all  parts. 
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The  same  idea  was  used  by  Boerhaave  (1738)  to  explain 
why  we  see  several  objects  at  once.  According  to  him  only 
one  object  is  perceived  at  a  time,  and  but  one  po  nt  of  that 
distinctly.  But  the  eye  possesses  the  power  of  running  from 
one  object  to  another  with  an  "incredible"  velocity,  which, 
combined  with  the  persistence  of  vision,  produces  the  illusion 
that  all  the  impressions  are  simultaneous. 

In  1740  Segner  proposed  to  determine  approximately  the 
distance  which  might  be  supposed  to  separate  luminous 
particles  according  to  the  corpuscular  theory  of  light.  Since 
vision  persisted  for  a  short  interval  of  time  it  was  not  neces- 
sary to  assume  that  the  light  corpuscles  entered  the  eye  in 
closely  packed  streams.  Measurements  were  made  by  him 
to  determine  the  time  factor  of  persistence  of  vision.  He 
concluded  that  when  a  glowing  coal  is  given  the  precise 
velocity  sufficient  to  complete  the  luminous  circle,  the  dura- 
tion of  the  sensation  is  then  equal  to  that  of  one  revolution 
of  the  coal.  He  found  this  interval  to  be  about  one-half  of 
a  second,  but  in  order  to  be  on  the  safe  side  he  decided  to 
adopt  the  value  of  one-tenth  of  a  second.  If  therefore 
luminous  particles  entered  the  eye  at  these  intervals  of  time 
continuous  vision  would  result.  From  the  known  velocity 
of  light  Segner  concludes  that  the  distance  between  succes- 
sive particles  of  light  is  about  "two  and  a  half  diameters  ot 
the  earth,"  or  nearlv  twentv  thousand  miles. 

Plateau  remarks  that  this  was  the  first  time  anyone  at- 
tempted to  measure  the  persistence  of  visual  impressions. 

In  order  to  explain  the  persistence  of  images  in  the  eye, 
Hamberger  (1751)  assumed  the  retina  to  be  elastic,  and 
therefore  any  impulse  sets  up  vibrations  which  continue  for 
some  time  after  the  disturbing  action  ceases.  The  sensitive 
mind  is  also  affected  for  the  same  length  of  time  as  the  retina 
which  results  in  a  continued  perception  of  the  image. 

The  first  time  anyone  tried  to  obtain  white  by  the  rotation 
of  a  colored  disk  was,  according  to  Plateau,  in  1752,  when 
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Musschenbroek  divided  the  upper  surface  ot  a  top  into 
seven  colored  parts  in  the  proportions  in  which  the  colors 
occur  in  the  solor  spectrum.  When  this  was  njtated  he 
tound  the  surface  to  assume  the  appearance  of  an  imperfect 
white. 

In  1765  Scopoli  utilized  the  persistence  of  vision  to  deter- 
mine or  rather  to  define  the  colors  of  butterflies.  A  small 
wooden  disk  mounted  on  an  axle  was  divided  into  eitiht 
equal  sectors,  a  determined  number  of  which  he  covered 
with  what  he  called  the  primary  colors.  I'pm  rotation  a 
uniform  tint  results  which  can  be  varied  to  match  the  desired 
colors.     Scopoli  attributes  the  invention  to  Father  Poda. 

In  the  same  year  the  Chevalier  D'Arcy  untiert(K)k  to 
measure  the  duration  of  the  visual  sensation,  for  that  pur- 
pose making;  use  of  the  same  method  as  Seiner,  of  whose 
work,  however,  he  was  for  a  long  time  unaware. 

The  apparatus  of  D'Arcv  consisted  of  a  series  of  wheels 
geared  to  each  other  and  set  in  rotation  by  a  falling  weight. 
The  most  rapidly  rotating  wheel  carried  an  arm  upon  the 
end  of  which  was  a  glowing  coal  or  other  luminous  bodv. 
The  rate  of  rotation  of  the  wheel  could  be  regulated  and  its 
speed  measured.  The  observations  were  made  at  night,  the 
observer  being  placed  at  a  distance  of  about  fifty  meters. 
D'.Arcv  concluded  that  the  duration  of  an  impression  of  light 
was  eight  "tierces"  or  0.133  second.  Observation  of  the 
light  through  a  telescope  or  from  a  different  distance  made 
no  measurable  difference  in  the  duration.  He  noticed  that 
on  opening  his  eves  suddenlv  after  closing  them  for  some  time 
that  the  ring  of  light  was  momentarily  broken. 

D'Arcv  placed  on  the  instrument  a  paper  disk  pierced  by 
a  small  hole.  On  looking  through  this  at  a  distant  object, 
and  giving;  the  disk  a  sufHcientlv  rapid  rotation  the  object 
was  seen  constantlv  but  much  ilimmer.  He  also  found  that 
a  white  bodv  illuminated  bv  the  sun  gave  the  same  duration 
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of  the  sensation  as  the  glowing  coal.  Though  he  did  not 
carry  out  his  purpose,  D'Arcy  proposed  to  ascertain  whether 
the  brightness,  color,  and  distance  made  any  difference  in 
the  time  of  the  persistence  of  vision,  and  also  intended  having 
similar  measurements  made  by  other  observers. 

When  a  disk  divided  into  sectors  of  two  different  colors  is 
rotated  rapidly,  the  eye  perceives  a  uniform  tint  resulting 
from  the  mixture  of  the  colors.  The  explanation  of  this 
phenomenon  offered  by  Kratzenstein  (1781)  was  as  follows. 
Each  color  communicates  to  the  nerve  fibres  of  the  retina  a 
vibratory  movement  whose  frequency  gives  us  the  color, 
just  as  the  frequency  of  vibration  of  the  auditory  nerves 
informs  us  concerning  the  pitch  of  sounds.  When  two 
sounds  are  in  accord  the  combination  of  the  two  produces  the 
sensation  of  a  single  sound.  The  same  is  true  of  the  visual 
nerves;  and  Kratzenstein  further  held  that  colors  have  their 
octaves,  fifths,  thirds,  etc.  corresponding  to  the  same  inter- 
vals of  the  musical  scale.  In  support  of  the  assumed  vibra- 
tory motion  of  the  visual  nerves  he  cited  the  persistence  of 
impressions,  and  also  the  colors  through  which  the  negative 
after  image  passes. 

In  a  paper  in  the  Philosophical  Transactions  of  the  Royal 
Society  (1786)  R.  W.  Darwin  refers  to  after-images  as  "ocular 
spectra".  The  positive  images,  which  are  termed  "direct 
ocular  spectra,"  are  said  to  depend  on  this  principle: — "A 
quantity  of  stimulus  a  little  greater  than  the  natural  quantity 
excites  the  retina  to  an  action  spasmodic  which  ceases  after  a 
small  number  of  seconds." 

In  looking  through  a  tube  in  which  a  sectored  disk  was 
rotated,  Darwin  remarked  that  objects  are  seen  only  a  little 
less  clearly  than  if  nothing  were  in  the  tube.  In  commenting 
on  the  value  given  by  D'Arcy  for  the  duration  of  the  "direct 
spectrum"  caused  by  the  revolution  of  a  glowing  coal  Darwin 
remarked  that  this  was  to  be  considered  as  the  duration  of 
the  shortest  of  these  spectra.     He  makes  the  additional  ob- 
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servation  that  in  the  tatigued  eye  the  direct  spectrum  rnay 
last  several  seconds  longer  than  in  the  normal,  and  that  the 
duration  will  vary  according  t(j  conditions  of  the  experiment 
and  of  the  eye  among  wh.ch  fatigue  is  especially  important. 

In  an  "Essay  upon  single  visi(jn  with  two  eves,"  (1792;, 
Wells  remarked  that  the  act  of  vision  seems  to  embrace 
simultaneously  a  large  number  of  objects  on  a  wide  field,  al- 
though the  area  ot  distinct  vision  is  verv  small.  The  ex- 
planation of  Boerhaave,  given  above,  that  the  eve  rapidlv 
turns  from  one  object  to  another,  the  persistence  of  vision 
then  giving  the  impression  that  these  objects  are  seen 
simultaneously,  is  rejected  bv  Wells.  The  grounds  of  his 
objection  are  that  the  duration  of  impressions  upon  the 
retina  will  vary  according  to  the  brightness  of  the  images,  and 
that  the  field  of  distinct  vision  will  varv  according  to  the 
intensity  of  the  light;  also  that  the  persisting  impressions 
due  to  one  object  would  be  carried  to  another  and  that  all 
impressions  would  then  be  mingled  in  confusion  in  one  place. 
He  concludes  that  the  fleeting  impressions  are  perceived  bv 
some  facultv  higher  than  that  of  vision. 

In  1796  \'oigt  experimented  on  tints  produced  bv  the  rapid 
rotation  of  disks  divided  into  colored  sectors,  the  colors  being 
carefully  chosen  so  as  to  match  as  closelv  as  possible  those 
of  the  solar  spectrum.  A  mixture  of  the  seven  principal 
colors  was  found  to  produce  white.  \'oigt  also  discovered 
that  a  combination  of  red,  green,  and  violet  sectors,  with 
angular  sizes  proportional  to  1(X),  168,  and  150,  also  gave 
white.  The  colors  produced  in  these  experiments  with  disks 
were  not  the  same,  he  noticed,  as  those  obtained  by  mixing 
similarlv  colored  ravs  of  the  spectrum.  This  he  attributed 
to  the  impurity  of  pigment  colors;  and  stated  also  that  the 
color  of  the  revolving  disk   is  a  mixture  only   by   illusion. 

In  1800  Ludicke  studied  color  effects  bv  using  the  method 
of  disk  rotation  with  the  seven  Newtonian  colors.  He  noticed 
that  a  pure  white  was  very  difficult,  if  not  impossible,  to 
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obtain.  The  analogy  of  the  spectrum  with  the  musical  scale 
was  also  used  by  him.  The  series  of  hues  from  red  to  violet 
was  compared  to  a  uniform  chromatic  scale,  the  ratio  of  its 
intervals  being  ^^JT^,  and  the  angular  widths  of  the  colors 
in  the  disks  were  proportional  to  these  nvimbers.  Liidicke 
mixed  colors  corresponding  to  strong  acoustic  dissonances, 
but  found  the  resulting  color  so  beautiful  and  agreeable  to 
the  eye  that  he  concluded  a  marked  difference  between  the 
action  of  colors  and  of  sounds  must  exist.  He  also  employed 
systems  of  these  colors  chosen  so  that  when  compared  with 
sounds  they  constituted  chords.  Twenty-four  ot  these  were 
employed  with  the  remarkable  result  that  the  resultant  tint 
always  approached  white,  seven  of  the  combinations  being 
particularly  good. 

In  1800  Young  stated,  without  citing  any  investigation, 
that  the  duration  of  an  impression  upon  the  eye  appeared  to 
increase  with  the  brightness  of  the  light.  The  time  interval 
was  stated  to  vary  from  0.01  sec.  to  0.5  sec. 

In  1829  Plateau  made  extensive  investigations  on  the 
persistence  of  vision,  or,  as  it  is  now  usually  termed,  the 
critical  frequency  of  flicker,  which  he  published  in  his  work: 
"Dissertation  sur  quelques  proprietes  des  impressions  pro- 
duite  par  la  lumiere  sur  I'organe  de  la  vue",  which  was  also 
published  in  German  in  Poggendorff's  Annalen^  Vol.  20,  1830. 

He  adopted  in  part  the  method  of  D'Arcy  but  improved 
and  extended  his  results.  Plateau  remarked  that  in  attempt- 
ing to  measure  the  absolute  duration  of  an  impression  we 
can  hope  to  get  only  approximate  results,  as  the  observed 
time  is  obviously  that  in  which  there  is  some  perceptible 
intensity.  The  investigations  on  the  persistence  of  colors 
were  made  on  strips  of  colored  papers  pasted  on  a  sector  of 
a  disk  90°  in  angular  width.  The  color  alternated  with  black 
velvet.    The  mean  durations  of  impressions  were: 

ll'hite  Yellow  Red  Blue 

0.35  sec.  0.35  sec.  0.34  sec.  0.32  sec. 
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D'Arcv  had  touml  that  the  glowing  coal  gave  a  value  of 
0.13  sec,  ami  that  white  paper  gave  0.35  sec.  Plateau 
criticised  D'Arcv 's  experiments  hut  was  unahle  to  account 
ti)r  the  difference. 

Another  experiment  was  arranged  with  twenty-four  sec- 
tors, half  ot  which  were  black  and  half  white  or  colored.  The 
black  effect  was  improvetl  bv  cutting  out  the  alternate 
sectors  and  placing  a  black  velvet  screen  behind  the  d  sk. 
The  tint  of  rotation  was  that  ot  a  mixture  of  black  and  the 
particular  color  used.  W  ith  papers  of  the  same  color  as  were 
used  before  Plateau  now  obtained  duration  values  for  uni- 
formitv  of  tint  much  smaller  than  before: 

ir/,iu  Yellovc  RfJ  Blue 

0.191  sec.  0.199  sec.  0.232  sec.  U.295  sec. 

Plateau   remarked   that   the   sensation   of   blue  lasts  longer 
without  decay  than  the  others. 

Helmholtz  discussed  this  subject  with  great  clearness  and 
detail  in  his  work  Phxsiologischeu  Optik.  He  first  distin- 
guishes carefullv  the  positive  from  the  negative  after-images, 
and  then  combines  the  former  with  the  persistence  of  vision. 
He  points  out  that  in  order  to  secure  the  effect  of  continuous 
illumination  the  repetition  of  the  impression  must  be  so 
rapid  that  the  consecutive  effect  of  each  does  not  sensibly 
diminish  before  the  next  reaches  its  maximum. 

If  a  disk  on  which  litjht  |X)ints  were  placed  is  rotated, 
circles  of  light  will  be  formed  bv  the  persistence  of  im- 
pressions. Helmholtz  showed  that  each  luminous  circle  ap- 
pears as  if  all  the  light  which  each  of  the  points  emits  were 
distributed  uniformlv  over  the  entire  circumference  of  the 
circle.  This  principle  applies  both  to  monochromatic  and  to 
composite  light. 

If  this  law  is  applied  to  the  action  of  the  retina  itself  it 
may  also  be  restated  thus:-  When  a  point  of  the  retina  is 
impressed   In    a  iitihr  which  undergoes  periodic  variations, 
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and  if  the  duration  of  the  period  is  sufficiently  short,  a  con- 
tinuous impression  is  produced  equal  to  that  which  would 
take  place  if  the  light  emitted  during  each  period  had  been 
distributed  evenly  over  the  whole  duration  of  the  period. 
This  is  the  Talbot-Plateau  law. 

Plateau  constructed  a  disk  with  alternate  white  and  black 
sectors,  and  another  entirely  white.  These  he  placed  at 
different  distances  from  a  light  so  that  when  rotating  both 
appeared  equally  bright.  If  N  be  the  number  of  white 
sectors  and  W  the  width  of  each  in  degrees,  the  total  length 
of  white  is  N  W.  If  the  rotating  disk  situated  at  a  distance 
r  from  the  light  presents  the  same  intensity  as  a  disk  entirely 
white  at  a  distance  R,  it  follows  that 

r^       NW 
R2~360° 

The  experiments  of  Plateau  accorded  well  with  this  law,  and 
Helmholtz  also  verified  it  by  a  variety  of  experiments. 

The  latter  investigator  also  applied  the  principle  of  the 
persistence  of  vision  in  his  acoustical  researches,  by  placing 
a  white  spot  on  a  vibrating  string  or  wire.  The  curve  de- 
scribed does  not  always  return  upon  itself,  and  therefore  by 
the  rapidity  of  its  oscillations  the  spot  will  describe  a  con- 
tinuously changing  curvilinear  path.  If  the  luminous  in- 
tensity of  the  moving  point  is  constant,  but  its  velocity 
varies  in  its  path,  as  will  be  the  case  when  several  motions 
are  compounded,  the  luminous  line  will  appear  brightest 
where  the  rapidity  is  least.  In  this  way  the  component 
motions  may  be  resolved. 

Helmholtz  also  discusses  in  detail  the  effects  produced 
upon  the  appearance  of  moving  bodies  such  as  falling  drops 
of  water,  under  the  influence  of  intermittent  illumination  of 
various  degrees  of  rapidity. 
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In  regard  to  the  persistence  of  colored  lights  Hehiiholtz 
contrasts  the  times  given  above  l)y  Plateau  with  those  of 
Enisniann: 

irhtif  Yellow  Red  Blue 

0.25  sec.  0.27  sec.  0.24  sec.         0.22  to  0.29  sec. 

The  discrepancy  between  them  is  assigned  to  the  differences 
in  intensities,  which  Helmholtz  points  out  are  ot  the  greatest 
importance.  He  himself  foumi  that  with  a  certain  liisk  com- 
posed of"  equal  white  and  black  sectors,  the  passage  of  a  black 
sector  did  not  endure  more  than  0.021  sec.  in  very  intense 
illumination,  and  not  more  than  0.05  sec.  in  the  litjht  of  the 
full  moon. 

Maxwell  employed  the  principle  of  the  persistence  of 
vision  in  his  extensive  researches  on  color,  in  which  he  made 
use  of  the  colored  disks  which  now  are  always  associated 
with  his  name.  His  purpose  was  not  to  determine  the  pe- 
culiarities of  the  retina  with  respect  to  these  phenomena  of 
physiological  optics  which  are  considered  in  this  paper,  and 
consideration  of  his  experiments  therefore  mav  be  omitted 
here. 

In  his  work  on  Modem  Chromatics  (3rd  Kd.  p.  206)  Rood 
made  suggestions  for  the  study  of  the  persistence  of  vision 
of  colors,  or  the  critical  frequency  of  flicker,  which  have 
since  been  followed  by  many  investigators.  "The  duration 
of  the  impression  on  the  retina  in  the  case  of  light  of  liif^'erent 
colors  has  not  vet  been  studied  carefully  ....  Dr.  Wolcott 
Gibbs  suggested  to  the  author  a  method  which  would  pro- 
bablv  solve  this  problem  in  a  satisfactorv  manner,  and  which 
is  about  as  follows:  With  the  aid  of  a  spectroscojx*  a  dif- 
fraction spectrum  is  to  be  presented  to  the  eye  in  the  form  ot 
a  series  of  contiguous  coloured  bands,  the  division  into  bands 
beint};  effected  bv  a  suitable  diaphragm  placed  in  the  eyepiece 
of  the  instrument.  In  front  of  the  slit  of  the  spectroscope  a 
revolving  disk  with  one  or  more  openings  should  allow  the 
light  to  enter  the  instrument;  and,  by  regulating  carefully 
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the  velocity  of  rotation,  it  would  be  possible  to  seize  the  exact 
moment  when  one  or  more  of  the  colored  bands  ceased  to 
flicker,  and  presented  a  steady,  uniform  appearance.  This 
observation  would  give  correctly  the  interval  during  which 
the  impression  remained  with  undiminished  strength  on  the 
eye,  in  the  case  of  the  selected  color." 

In  1884  E.  L.  Nichols  carried  this  suggestion  into  execution 
and  made  the  first  persistency  curve  for  the  spectrum.  At 
that  time  the  electric  motor  was  not  available  for  this  pur- 
pose and  exact  measurements  were  impossible.  The  method 
was  later  employed  by  Ferry  (1892),  in  Nichols'  laboratory, 
who  found  that  the  duration  of  the  color  impression,  D,  at 
the  critical  frequency  of  flicker,  was  connected  with  the 
luminosity,  L,  of  the  color,  by  the  relation 


D  = 


logL 


Ferry  also  found  that  the  values  of  D  were  the  same  for 
normal  eyes,  except  for  persons  of  advanced  age,  and  that  in 
color-blind  eyes  the  values  of  D  were  somewhat  larger  than 
normal  for  the  parts  of  the  spectrum  corresponding  to  the 
defective  sensations. 

In  England  T.  C.  Porter,  (1902)  using  a  black  and  white 
disk  illuminated  in  succession  by  white  light  from  very  low 
intensities  up  to  3000  meter-candles,  more  exactly  formulated 
the  law  as  follows: 

^     =N  =  klogL+C 


D 


where  k  and  C  are  constants. 

Porter  also  found  that  when  the  illumination  fell  to  one 
quarter  of  a  meter-candle  both  constants  were  abruptly  re- 
duced to  about  one-half  their  former  values.  It  has  been 
suggested  that  above  this  value  of  the  illumination  vision 
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was  chietly  with  the  cones,  and  below  it  with  the  nxls,  in  ac- 
cordance with  the  duplicity  theory  of  von  Kries. 

More  recently  (1912)  Ives  proved  that  P<irter's  law  ex- 
tended to  colors,  with  suitable  changes  in  the  constants. 

With  this  method  of  study  the  writer,  at  the  suggestion 
of  Nichols,  has  investigated  many  types  ot  color  blindness, 
and  also  the  effects  on  the  retina  due  to  fatigue  with  colors. 
These  investigations  have  led  to  the  discoverv  ot  reflex  visual 
sensations  which  have  lately  been  described  in  this  Journal. 

The  chief  practical  applications  ot  flicker  phenomena  are 
the  flicker  photometer,  discovered  or  invented  by  Whitman 
in  1896,  bv  means  ot  which  the  photometric  values  of  dif- 
ferent colors  mav  be  accurately  compared,  and  the  now- 
universal  moving  pictures. 

In  order  that  this  paper  mav  not  be  undulv  extended  the 
numerous  researches  ot  man\'  investigators  in  more  recent 
years  are  not  included.  The  results  ot  these  may  be  found 
in  the  current  treatises  on  color  vision,  and  the  papers  them- 
selves are  readily  accessible. 

The  persistence  of  vision  possesses  a  tar  more  extended 
historv  than  most  branches  of  science,  and  the  phenomena 
which  it  comprises,  though  often  apparently  ot  a  most 
trivial  character,  have  been  found  capable  of  bringing  to  our 
knowledge  some  of  the  most  fundamental  principles  of  color 
vision,  and  also  ot  suggesting  new  reflex  characteristics  of 
the  nervous  svstem  generally. 
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Till-:   \ARIATI()X   OF   VISUAL   SENSORY   REFLEX  ACTION 
WITH  INTENSITY  OF  STIMULATION* 

By  Fraxk  Ai.len 

SYNOPSIS 

In  this  pa{)cr  there  is  first  a  brief  r&um6  of  former  investigations  on  the  Porter  Effect  in 
regard  to  the  retinal  effects  of  var>-ing  the  intensity  of  the  light  stimulus. 

Seventeen  new  Porter  graplis  have  been  obtained  with  bright  colors,  and  instead  of  only 
two  branches  that  the  Porter  graphs  were  believed  to  have,  from  three  to  five  were  found. 

The  effect  upon  the  retinal  sensitiveness  was  measured  for  intensities  corresponding  to 
each  branch  of  the  graphs.  It  was  found  that  this  consisted  of  depression  or  enhancement  of 
the  sensitiveness  of  the  retina. 

The  relation  of  these  discoveries  to  the  following  visual  phenomena  is  discussed:  The 
Fechner  Paradox,  the  Purkinje  effect,  the  Receptor  process  in  respect  to  the  Hcring,  Edridgc- 
Green,  Ladd-Franklin  and  Young  theories,  the  Weber-Fechner  law,  Equilibrium  effects,  In- 
variable colors,  the  Si-lf  light  and  Sensation  process,  tlic  Duplicity  theor>',  Reciprocal  inner\'a- 
tion,  and  the  partial  reconciliation  of  the  Young  and  Hering  color  theories. 

In  former  papers'  the  writer  developed  in  considerable  detail  the 
characteristics  of  sensory  relle.x  actions  in  color  vision,  which  were 
obtained  by  stimulating  the  eyes  with  many  spectral  colors  extending 
from  the  wave  length  .74(V  in  the  red  to  .410;lz  in  the  violet. 

The  method  of  making  the  measurements  was  fully  described  in 
tlu-  papers  referred  to,  but  may  brielly  be  outlined  here.  A  spectrum  of 
wide  dispersion  was  formed  with  an  acetylene  llame  as  the  source  of 
light.  By  maintaining  the  gas  at  a  constant  pressure  the  physical  bright- 
ness of  the  spectrum  may  be  kept  unvarying  for  months.  A  sectored 
disc,  rotated  in  the  path  of  the  Hght,  caused  the  portion  of  the  spectrum 

•  Read  at  the  meeting  of  the  Optical  Society  of  America,  Cornell  University,  Ithaca,  New 
York.atober,  1025. 

>  On  reflex  visual  sensations.  J.O.S.A.  &  R.S.I.,  7,  p.  583;  1923. 
Retlex  visual  sensations  and  color  contrast.  Ib'td.,  p.  913. 
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under  observation  to  flicker;  and  the  speed  of  the  disc  at  the  critical 
frequency  of  flicker,  i.e.,  when  the  intermittent  flashes  of  light  appear 
just  continuous,  was  accurately  measured.  From  this  the  duration  of 
a  single  flash  of  light  of  undiminished  brightness  was  computed.  A  series 
of  measurements  on  small  patches  of  color  of  wave  lengths  suitably 
chosen  over  the  whole  spectrum  enabled  a  persistency  curve  to  be 
obtained,  such  as  is  shown  in  Fig.  3,  which  represents  the  brightness 
of  the  standard  or  reference  spectrum  to  the  eye  in  its  normal  condition 
of  daylight  adaptation. 


1 


D 


Fig.  1.     Arrangement  of  apparatus:  L,]ighl ;  P ,  polariser ;  A ,  analyser ;  D ,  disc. 

If  either  eye  is  then  stimulated  with  a  bright  monochromatic  colo  r 
and  the  measurements  on  the  standard  spectrum  repeated  and  plotted 
as  a  second  persistency  curve  in  com.parison  with  the  former,  any 
differences  between  them  must  be  due  to  the  physiological  effects  of 
stimulation.  According  to  the  Ferry-Porter  law,2the  critical  frequency 
of  flicker  is  determined  solely  by  the  brightness  of  the  color  and  is  not 
affected  by  the  hue.  As  the  physiological  brightness  depends  on  the 
sensitiveness  of  the  visual  receptors,  the  effects  of  monochromatic 
stimulation  may  be  determined  with  great  precision  and  in  much 
detail. 

In  the  former  experiments  the  colors  used  for  stimulation,  having 
been  obtained  from  a  very  bright  arc  light  spectrum,  were  very  intense. 
In  the  papers  referred  to  they  were  described  as  approaching  whiteness 
in  the  central  part  of  the  spectrum.  This  statement  is  somewhat 
extreme,  as  the  colors  in  every  case,  though  very  intense,  were  clearly 
recognizable.  In  addition  to  the  actions  of  colors  the  effects  of  stimula- 
tion with  very  bright  and  very  dim  white  light  were  also  measured. 
When  the  left  eye  was  stimulated  with  bright  colors  and  white  light, 
certain  effects  were  transferred  to  the  right  through  sensory  reflex 

«  Ferry,  Am.  Jour.  Sci.,  J,  p.  44;  1892. 
Porter,  Proc.  Roy.  Soc,  70,  p.  313;  1901, 
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action,  by  means  of  which  the  retinal  receptors  corresponding  to  the 
three  primary  colors,  red,  green  and  violet,  became  enhanced  in  sen- 
sitiveness. But  when  dim  white  light  was  used  for  stimulation  in  exactly 
the  same  way,  it  produced  the  opposite  elTect,  and  caused  the  right 
retinal  receptors  to  be  depressed  in  sensitiveness.  This  latter  elTect  is 
known  as  the  Fechner  Paradox. 

In  a  brief  review^  of  these  papers  it  was  suggested  by  Dr.  Hartridge 
that  the  investigation  of  the  Fechner  Paradox  might  be  extended  to 
monochromatic  stimulation  as  well.  In  private  communications  it 
was  also  suggested  by  Mr.  John  lennant,  London,  that  the  former 
researches  should  be  supplemented  by  studying  the  elTect  of  stimulation 
with  colors  of  moderate  intensities. 

The  writer  thereupon  decided  to  make  the  necessary  experiments, 
but  in  so  doing  desired  to  connect  the  intensities  of  stimulation  with 
other  visual  measurements.  After  much  consideration  the  pecuHar 
phenomenon  discovered  by  Porter*  for  white  light,  and  by  Ives*  for 
colors,  appeared  suitable  for  the  purpose.  It  was  found  by  the  former 
that  when  the  reciprocals  of  the  duration  of  flashes  of  white  light  at  the 
critical  frequency  of  flicker  were  plotted  against  the  logarithms  of  the 
intensity  of  the  light,  the  graph  consisted  of  two  straight  lines  of 
dilTerent  slopes  similar  to  the  two  lowest  branches  of  the  graph  in 
Fig.  2.  The  intensities  of  the  illuminations  used  by  Porter  varied  from 
a  few  tenths  of  a  meter-candle  up  to  1600  meter-candles.  This  result 
was  extended  by  Ives  to  spectral  colors  with  similar  results,  except 
that  the  intensities  of  the  colors  were  not  very  liigh. 

In  both  cases  the  graphs  conformed  to  the  equation,  found  by 
Porter, 

///;=/:  log /+C 

where  D  is  the  duration  of  a  single  flash  of  light  ui>on  the  retina  at  the 
critical  frequency  of  flicker,  /  is  the  intensity  of  illumination,  and  k  and 
c  are  constants,  which  have  different  values  for  the  two  branches  of 
the  graphs.  Later  the  present  writer  contirmcd*  the  results  of  Ives, 
and  also  concurred  in  the  explanation  that  the  upper  branch  of  the 
graph  represented  cone  vision  for  bright  light,  and  the  lower  rod  N-ision 
for  dim  light.  This  explanation  was  suggested  by  the  Duj^lidty  Theory 

^Naliirc, /;.?,p.370;1924. 
*  Proc.  Roy.  Soc,  loc.  cit. 
'Phil.  Mag.,  J-/,  p.  352;  1912. 
«  Phil.  Mag.,  A?,  p.  SI;  1919. 
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of  von  Kries,  with  which  the  two-fold  character  of  the  graphs  appeared 
to  be  completely  in  harmony. 

Upon  consideration,  it  seemed  probable  that  if  the  left  eye  was 
stimulated  by  colors  whose  intensities  corresponded  to  the  lower  branch 
of  the  Porter  graphs,  the  Fechner  paradoxical  effect  would  be  produced 
in  the  right  eye;  that  is,  the  visual  receptors  in  the  right  eye  would  be 
depressed  in  sensitiveness,  thereby  causing  the  reference  spectrum  to 
be  perceived  less  brightly.  It  was  further  anticipated  that  by  stim- 
ulating the  left  eye  with  colors  whose  intensities  corresponded  to  the 
upper  branch  of  the  graphs,  the  opposite  effect,  enhancement  of  the 
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Fig.  2.    Porter  graph  for  wave  length  .687 (x.    Acetylene  spectrum. 

sensitiveness  of  the  receptors  of  the  right  eye,  would  be  produced. 
Should  these  effects  be  realized  it  would  then  follow  that  stimulation 
by  a  color  corresponding  in  intensity  to  the  point  on  the  graphs  where 
the  change  in  slope  occurred,  would  produce  no  effect  of  either  kind. 
In  the  former  papers,  to  which  reference  has  been  made,  three  series 
of  experiments  were  described.  In  the  first,  the  effect  of  stimulation  of 
the  left  eye  upon  the  corresponding  portion  of  the  right  was  investi- 
gated. In  the  second,  the  effect  of  stimulation  upon  the  central  area 
of  the  right  eye,  upon  which  the  measurements  were  always  made,  was 
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studied.    In  the  third,  the  effect  of  stimulation  of  one  portion  of  the 
right  retina  upon  a  contiguous  area  was  measured. 

In  the  first  and  tliird  series  it  was  found  that  the  three  primary 
sensations,  red,  green  and  violet,  were  enhanced  in  sensitiveness,  the 
predominant  effect  occurring  in  those  complementary  to  the  stimulating 
color.  In  the  second  series  the  sensation  or  sensations  directly  affected 
were  depressed  in  sensitiveness  and  the  complementary  enhanced,  the 
effect  again  predominating  in  the  latter. 

These  were  the  effects  anticipated  to  result  from  stimulation  with 
color  intensities  corresponding  to  the  upper  branches  of  the  graphs. 

In  carrying  out  the  experiments  the  color  intensities  were  controlled 
by  a  pair  of  nicol  prisms  three  centimeters  in  diameter  placed  in  front 
of  the  slit  of  one  of  the  collimators  of  the  writer's  tricolor  spectrometer.' 
This  instrument  has  three  collimators  forming  three  spectra  in  the 
same  eye-piece.  In  order  to  use  the  same  rotating  disc  and  its  recording 
devices  with  each  spectrum,  the  disc  was  placed  in  front  of  the  shutters 
in  a  specially  designed  open  Hilger  eye-piece.  The  general  arrangement 
of  the  apparatus  is  shown  in  Fig.  1.  The  orientation  of  the  analyzer  was 
such  that  the  vibrations  of  the  transmitted  light  were  horizontal.  Only 
the  polarizer  was  rotated  so  as  to  vary  and  measure  the  intensity  of 
the  transmitted  ray,  which  is  proportional  to  the  square  of  the  cosine 
of  the  angle,  6,  between  the  principal  i)Ianes  of  the  nicols.  The  experi- 
ments were  all  performed  in  daylight  so  that  the  unstimulated  eye  could 
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be  maintained  in  daylight  adaptation.  All  measurements  described  in 
this  paper  were  made  with  the  central  part  of  the  right  eye. 

In  the  first  experiments  an  acetylene  flame  was  used,  and  with  it 
the  Porter  graph  in  Fig.  2  was  obtained  for  the  selected  red  color,  .687ju. 
The  measurements  are  given  in  Table  1.  After  this  graph  was  obtained 
it  became  possible  to  stimulate  the  eye  with  colors  whose  intensities 
corresponded  to  any  branch,  and  thereby  to  discover  what  character- 
istics were  peculiar  to  each.  This  graph  is  composed  of  two  long  well 
marked  branches  and  the  beginning  of  a  third,  the  two  points  of  which 
were  regarded  at  first  as  slightly  inaccurate  read'ngs.  The  lowest 
branch  has  been  termed  the  a  branch,  or  the  range  of  intensities  the 
a  intensities,  and  the  others  the  fi  and  7. 

The  curves  representing  the  results  of  retinal  stimulation  are  usually 
shown  in  the  form  of  the  persistency  curve  in  Fig.  3,  where  the  broken 
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Fig.  3.    Efcct  oj  stimulating  the  right  eye  with  red,  .687 n,  of  ^'intensity,  1=0.179. 

line  is  the  normal  or  reference  curve  for  the  eye  in  ordinary  daylight 
adaptation,  and  the  continuous  line  is  for  the  same  eye,  and  represents 
the  result  of  stimulation.  In  the  lower  part  of  the  figure  the  same  curves 
are  reproduced  in  another  form.  The  normal  readings  everywhere  are 
given  an  arbitrary  value  of  100,  and  the  others  are  reduced  in  the  same 
proportion.     This  latter  method  of  representation  shows  still  more 
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closely  the  difTerences  between  the  curves,  and  the  effect  of  stimulation 
may  be  more  accurately  estimated.  Where  the  curve  obtained  after 
stimulation  is  above  the  normal,  it  shows  that  that  color  has  become 
physiologically  less  bright,  and  that  the  corresponding  color  sensalion 
has  been  depressed  in  sensitiveness;  where  it  is  below  the  normal,  it 
indicates  that  the  color  has  become  physiologically  brighter  than 
normal,  and  therefore  that  the  color  sensation  is  enhanced.  By  tliis 
method,  wliich  is  adopted  throughout  this  paper,  all  the  curves  obtained 
after  stimulation  with  one  color  at  dirftrcnt  intensities  can  be  arranged 
for  comparison  in  a  single  figure. 

EFFECTS  OF  RETINAL  STIML'LA'riON 

When  the  left  eye  was  stimulated  with  the  color  .687/i  of  an  intensity 
(7=0.015)  corresponding  to  a  point  in  the  lower  branch  of  the  graph 
in  Fig.  2,  depression  of  the  receptors  of  all  three  fundamental  sensations 
in  the  right  eye  was  produced,  a  result  which  is  exactly  in  accordance 
with  the  Fechner  Parado.x.  The  curve  obtained  is  that  marked  .1  in 
Fig.  4.  When  the  right  eye  was  stimulated  with  the  same  color,  but  of  a 
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Fic.  4.     Direct  and  refiex  effects  of  stimuUuing  the  right  and  left  eyes  viJh  the 
wave  Ungth  .6S7n  at  different  intensities. 
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slightly  greater  intensity  (7  =  0.0194),  a  similar  curve,  Z),  Fig.  4,  was 
obtained. 

When  the  intensity  of  the  stimulus  was  raised  from  0.0194  to  0.096, 
but  still  corresponding  to  the  lowest  branch  of  the  Porter  graph,  the 
same  type  of  curve,  £,  Fig.  4,  resulted,  though  the  elevations  above 
the  normal  are  not  as  high  as  those  in  curve  D. 

The  three  curves  have  one  elevation  extending  from  the  beginning 
of  the  red  to  about  wave  length  .590ju,  and  a  second  extending  from 
that  point  over  the  rest  of  the  spectrum.  The  second  elevation  shows 
indications  of  being  composed  of  two  parts  corresponding  to  the  green 
and  violet  regions  of  the  spectrum. 

When  the  left  eye  was  stimulated  with  the  same  red  color  but  of 
full  intensity,  the  visual  receptors  in  the  right  eye  became  reflexly 
enhanced  in  sensitiveness,  an  effect  just  the  opposite  of  that  pre\'iously 
obtained.  This  is  shown  by  the  curve  C  in  Fig.  4,  which  lies  wholly 
below  the  normal.  Similar  results  were  obtained  when  the  right  eye 
was  stimulated  with  intensities  corresponding  to  the  intermediate 
and  highest  branches  of  the  Porter  graph,  which  are  shown  in  curves  G 
and  H  in  Fig.  4.  With  both  intensities  the  three  color  sensations  are 
enhanced  in  sensitiveness,  and  the  threefold  division  of  the  curves 
at  the  wave  lengths  .660/x  and  .SOOju  is  well  marked.  Curve  G  is  also 
shown  in  the  persistency  curve  in  Fig.  3. 

Since  stimulation  with  color  of  a  intensity  produced  depression  of 
sensitiveness  of  the  visual  receptors,  and  with  color  of  /S  intensity 
enhancement,  it  seemed  probable  that  stimulation  with  the  color  of 
an  intensity  (7  =  0.117)  corresponding  to  the  point  where  the  change  of 
slope  occurs  would  produce  no  effect  of  either  kind.  Curve  B,  Fig.  4, 
shows  the  reflex  action  obtained  in  the  right  eye  after  stimulation  of 
the  left.  It  is  marked  by  three  slight  depressions  indicating  enhance- 
ment of  the  three  sensations.  Curve  7^,  in  the  same  figure,  shows  the 
effect  when  the  right  eye  was  stimulated  directly.  In  this  case  the  red 
sensation  is  slightly  reduced  in  sensitiveness,  and  the  green  and  violet 
sensations  are  enhanced.  Evidently  there  is  an  intensity  of  the  stimulus 
which  gives  the  transition  from  one  type  of  action  to  the  other,  though 
the  intensity  used  was  evidently  a  little  too  high.  Curve  F,  however, 
shows  that  the  reversal  of  actions  may  not  occur  for  the  three  sensations 
at  the  same  intensity  of  stimulation. 

The  measurements  for  the  eight  curves  just  discussed  are  given 
in  Table  2  for  the  right  eye,  and  in  Table  3  for  the  left. 
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X 

7  =  0.096 
o-intensity 

Reduced 
iV  =  100 

7  =  0.019 

a-intcnsity 

sec. 

Reduced 
A  =  100 

.740,i 

0.0268 

102.3 

0.0292 

111.5 

.720 

.0242 

104.8 

.0251 

10S.6 

.700 

.0209 

105.0 

.0219 

110.0 

.660 

.0166 

105.0 

.0170 

107.5 

.620 

.0142 

103.0 

.0142 

103.0 

.5W 

.0131 

100.0 

.0136 

103.8 

.550 

.0137 

102.2 

.0142 

10^)  0 

.530 

.0147 

102.2 

.0152 

1U5.0 

.500 

.0185 

103.3 

.0193 

107.8 

.480 

.0226 

102.8 

.0236 

107.2 

.470 

.0260 

ia'<.2 

.450 

.0.^04 

104.8 

.433 

.0338 

101.0 

.0352 

105.0 

.420 

.0373 

103.0 

ill  ilu'  L.\i»clillKnl^  tlcscribed  in  the  papers  to  which  reference  has 
been  made,  it  was  found  that  when  the  right  eye  was  stimulated  with 
colors  from  an  arc  light  spectrum,  one  or  two  sensations  were  always 
rendered  less  sensitive  and  the  others  enhanced.  With  the  red  color 
.ft87)u  the  red  sensation  was  depressed  in  sensitiveness  and  the  green 
and  violet  enhanced.  This  is  shown  as  curve  D,  Fig.  8,  wliich  is  re- 
produced here  from  the  original  paper.  The  data  and  reference  are 
given  in  Table  0. 


392 


Frank  Allen 


[J.O.S.A.  &  R.S.I.,  13 


Table  3.  Left  eye  stimulated  with  .687/u.  Acetylene  spectrum. 


X 

N 

Normal 

sec. 

7  =  1 

7-intensity 
sec. 

Reduced 
i\^  =  100 

7  =  0.117 

Istlnfl.Pt. 

sec. 

Reduced 
A' =100 

7  =  0.015 

a-in  tensity 
sec. 

Reduced 

.740m 

0.0262 

0.0237 

90.5 

0.0255 

97.3 

0.0266 

101.6 

.720 

.0231 

.0206 

89.1 

.0232 

100.5 

.0239 

103.3 

.700 

.0199 

.0184 

92.5 

.0198 

99.5 

.0208 

104.2 

.660 

.0158 

.0150 

95.0 

.0155 

98.1 

.0167 

105.7 

.620 

.0138 

.0133 

96.3 

.0137 

99.3 

.0142 

103.0 

.590 

.0131 

.0127 

97.0 

.0129 

98.5 

.0133 

101.5 

.550 

.0134 

.0129 

96.3 

.0131 

97.7 

.0140 

104.3 

.530 

.0144 

.0137 

95.0 

.0139 

96.5 

.0149 

103.5 

.500 

.0179 

.0173 

96.6 

.0176 

98.3 

.0188 

105.0 

.480 

.0220 

.0201 

91.4 

.0216 

98.2 

.0232 

105.5 

.450 

.0290 

.0253 

87.2 

.0285 

98.3 

.0294 

101.3 

.433 

.0335 

.0302 

90.2 

.0328 

98.0 

.0340 

101.4 

.420 

.0362 

.0332 

91.7 

.0359 

99.2 

.0370 

102.3 

In  the  experiments  that  have  just  been  described,  all  three  sensations 
were  enhanced  with  the  brightest  light  available  from  the  acetylene 
flame  through  the  nicol  prisms.  It  was  obvious,  therefore,  that  the 
Porter  graph  must  have  other  branches  with  brighter  light.  Since 
Porter's  original  graph  obtained  with  white  light  consisted  of  only  two 
branches  up  to  intensities  of  about  1600  meter-candles,  it  was  inferred 
that  different  colors  would  behave  differently  in  their  retinal  effects, 
and  that  Porter's  graph  represented  the  combined  results  of  all  colors. 
Experiments  -with  the  acetylene  flame,  therefore,  were  discontinued, 
and  in  its  place  a  250  watt  projection  lamp  was  used,  the  current  being 
supplied  by  a  storage  battery  of  110  volts.  The  current  in  the  lamp 
was  kept  at  a  constant  value  by  an  assistant  while  all  further  measure- 
ments were  taken.  This  light  was  much  brighter  than  the  gas  flame; 
though  the  nicol  prisms  with  their  principal  planes  parallel  reduced  its 
available  intensity  by  one  half. 

It  was  decided,  therefore,  to  obtain  Porter  graphs  for  colors  through- 
out the  spectrum.  Seventeen  colors  were  investigated  as  fully  as 
experimental  conditions  permitted.  The  measurements  are  given  in 
Table  4  and  the  corresponding  graphs  are  shown  in  Figs.  5  and  6,  the 
former  containing  those  for  the  colors  from  .TOOju  to  .570/i,  and  the 
latter  those  from  .570)li  to  .410ju,  the  graph  for  .570ju  appearing  in  each 
figure. 
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Table  4.  Porttr  graphs. 


.700m 

.687,4 

.660ii 

9 
Degrees 

Intensity 
cos'tf 

log  cos's 

I) 
sec. 

\/D 

D 

sec. 

X/D 
64.9 

D 
sec. 

l/D 

0" 

1 

0 

0.018S 

54.1 

0  0154 

0.0148 

67.6 

10 

0.970 

1.987 

.0188 

53.2 

.0157 

63.7 

.0150 

66.7 

20 

.883 

.946 

.0191 

52.4 

.0162 

61.7 

.0151 

66.2 

30 

.750 

.875 

.0197 

50,8 

.0171 

58.5 

.0154 

(A.9 

40 

.587 

.768 

.0206 

48. 5 

.0179 

55.9 

.0158 

63  3 

SO 

.41> 

.616 

.0218 

45.9 

.0185 

54.1 

.0165 

60  6 

60 

.250 

.398 

.0232 

43.1 

.0195 

51.3 

.0177 

56.5 

70 

.117 

.068 

.02.54 

39.4 

.0217 

46.1 

.0193 

51.1 

75 

.067 

2.826 

.0280 

35.7 

.0229 

43.7 

.0213 

46.9 

80 

.030 

.479 

.0312 

32.1 

.0201 

38.3 

.0235 

42.6 

82 

.019 

.287 

.0338 

29.6 

.0280 

35.7 

.0244 

41.0 

84 

.011 

.038 

.0354 

28.3 

.02«;8 

33.6 

.0259 

38.6 

86 

.0049 

3.688 

.0377 

26.5 

.0328 

30.5 

.0287 

34.8 

87 

.0027 

.4.^7 

•   >  .  • 

.0356 

28.1 

.0320 

31.3 

88 

.0012 

.085 

■  •  •  ■ 



.0.W8 

28.7 

89 

tMUM 

?.4S6 







0° 
10 
20 
30 
40 
50 
60 
70 
75 
80 
82 
84 
86 
88 
89 


.650/i 


.640m 


D 
sec. 


0.0142 
.014,? 
.0145 
.0150 
.0152 

.ni.M 

.0170 
.0183 
.0207 
.0222 
.0242 
.0277 
.0340 


UD 


70.4 
69.9 
68.5 
66.7 
65.8 
64.9 
.^8.8 
54.6 
48.3 
45.0 
41.3 
36,1 
29.4 


D 


0.01410 
.01415 
,0142s 
.014.^8 
.01450 
.014^)2 
.0148 
.(ll.>') 
.0168 
.0182 
.0190 
.()2(K) 
.0223 
.02f)7 


\/D 


70.9 
70.7 
70,0 
69 . 5 
69.0 
68.4 
67.6 
62.9 
59 . 5 
54.9 
52,6 
48.5 
44,  >s 
37.5 


.630m 


D 
sec. 


0.01349 
.01362 
.01,>60 
.01370 
.01.>95 
.01405 
.0144 
.11148 
.0157 
.0172 
.0183 
.0196 
.0220 
.0275 


1  D 


74.1 
73.4 
73.5 
72.9 
71.7 
71.2 
69.4 
67.6 
63.7 
58.1 
54.6 
51  0 
45.5 
36.4 


590m 


D 
sec. 


0.01249 

.01265 

.01295 

.01333 

.0KU8 

.0138 

.0142 

.0145 

,0157 

.0168 

.0179 

.0202 

.0244 

.0298 


\!D 


80.1 

79.1 
77.2 
75.0 
74  2 
72.5 
70.4 
60.0 
6.V7 
59.5 
55.9 
49.5 
41.0 
33.6 
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Table  4.  Continued. 


.572m 

.570m 

.550m 

.520m 

e 

D 

sec. 

\/D 

D 

sec. 

\/D 

D 

sec. 

\/D 

D 

sec. 

1/D 

0° 

0.0121 

82.6 

0.01157 

86.4 

0.01242 

80.5 

0.0132 

75.8 

10 

.... 

.... 

.01249 

80.1 

.0132 

75.8 

20 

.0122 

81.9 

.01163 

86.0 

.01275 

78.4 

.01335 

74.9 

30 

.0124 

80.6 

.01172 

85.3 

.01312 

76.2 

.0134 

74.6 

40 

.0125 

80.0 

.01178 

84.9 

.0132 

75.8 

.0135 

74.1 

50 

.0128 

78.1 

.0120 

83.3 

.0134 

74.6 

.0136 

73.5 

60 

.0133 

75.2 

.0126 

79.4 

.0138 

72.5 

.0143 

69.9 

70 

.0140 

71.4 

.0134 

74.6 

.0143 

69.9 

.0154 

64.9 

75 

.0148 

67.6 

.0142 

70.4 

.0151 

66.2 

.0166 

60.2 

80 

.0158 

63.3 

.0155 

64.5 

.0166 

60.2 

.0181 

55.2 

82 

.0166 

60.2 

.0162 

61.7 

.0174 

57.5 

.0191 

52.4 

84 

.0178 

56.2 

.0173 

57.8 

.0186 

53.8 

.0203 

49.3 

86 

.0195 

51.3 

.0191 

52.4 

.0208 

48.1 

.0232 

43.1 

87 

<  •  .  > 

.0206 

48.5 



.0255 

39.2 

88 

.0233 

42.9 

.0233 

42.9 

.0246 

40.7 

.0302 

33.1 

.505m 

.480m 

.450m 

.425m 

e 

D 

sec. 

1/D 

D 

sec. 

\/D 

D 

sec. 

\/D 

D 

sec. 

yD 

0° 

0.0140 

71.4 

0.0161 

62.1 

0.0218 

45.9 

0.0256 

39.1 

10 

.0141 

70.9 

.... 

.0222 

45.0 

.0258 

38.8 

20 

.0142 

70.4 

.0165 

60.6 

.0227 

44.1 

.0265 

37.7 

30 

.01443 

69.3 

.0169 

59.2 

.0237 

42.2 

.0271 

36.9 

40 

.0148 

67.6 

.0180 

55.6 

.0244 

41.0 

.0288 

34.7 

50 

.0152 

65.8 

.0187 

53.5 

.0256 

39.1 

.0303 

33.0 

60 

.0159 

62.9 

.0203 

49.3 

.0277 

36.1 

.0338 

29.6 

70 

.0175 

57.1 

.0223 

44.8 

.0309 

32.4 

.0381 

26.2 

75 

.0184 

54.3 

.0250 

40.0 

.0347 

28.8 

.0431 

23.2 

80 

.0206 

48.5 

.0277 

36.1 

.0382 

26.2 

.0511 

19.6 

82 

.0219 

45.7 

.0298 

33.6 

.0410 

24.4 

84 

.0235 

42.6 

.0329 

30.4 

•  ■  .  * 

86 

.0271 

36.9 

.0375 

26.7 

•  •  •  > 

87 

.0304 

32.9 

.0409 

24.4 

.... 

88 

.0352 

28.4 







October,  1926]      Variation  op  Visual  Reflex  Action 


395 


Table  4.  Concluded. 


.410|« 

I 


l/D 


0.0343 

29.2 

.0347 

28.8 

.0.^60 

27.8 

.OJ72 

26.9 

.0397 

25.2 

.0420 

23.8 

.0439 

22.8 

A  wide  diversity  of  actions  of  colors  is  revealed  by  these  figures. 
The  gra[)hs  for  the  red  colors  from  .TOO/i  and  probably  from  the  be- 
ginning of  the  spectrum,  to  nearly  .66fV,  consist  of  three  branches.  The 
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Fig.  5.     Porter  graphs  for  the  red,  orange  and  yellcv  coUrrs.     I  "Ccs*  6. 
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graph  for  .660/i  has  but  two  branches,  though  the  uppermost  four  points 
indicate  a  slight  tendency  to  form  two  more  branches  somewhat  like 
the  graph  for  .650ju. 

From  .66Qfji  nearly  to  .572fx  the  graphs  possess  four  branches.  It  is 
interesting  to  note  how  greatly  the  graphs  change  with  but  slight 
variations  in  wave  length.  This  is  shown  in  the  series  for  the  hues  .660ju, 
.650fx,  .640/i,  .630/x,  and  .590jLt.  With  the  color  .572)U  the  graph  resumes 
the  two-fold  character,  though  in  that  for  .570/i  the  upper  branch  is 
very  short.  It  will  be  noticed  that  four  graphs  in  Fig.  5  intersect.  This 
evidently  indicates  that  the  lamp  was  not  kept  quite  at  constant  bright- 
ness while  the  measurements  were  being,  made.  Had  the  brightness 
been  absolutely  constant  no  intersections  could  have  occurred. 

In  proceeding  to  the  shorter  wave  lengths,  striking  differences  are 
again  found  in  the  graphs  in  Fig.  6.  With  the  color  .550ju,  four  branches 


Fig.  6.    Porter  graphs  for  the  green,  blue  and  violet  colors.   I  =  cos^d. 
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are  obtained,  that  for  .5H)fi  has  but  three,  wliile  the  ^raph  for  .505/i 
is  remarkable  in  being  a  single  straight  line.  A  close  examination  of  the 
points  in  the  upper  part  of  the  graph  indicates,  however,  a  slight 
tendency  to  divide  in  branches.  From  the  wave  length  .480/i  to  .425/i 
three  branches  are  found,  and  in  the  remainder  only  two. 

In  his  investigations  Ives*  had  found  that  with  blue  and  violet  colors 
the  lowest  branch  was  horizontal.  Later  this  was  confirmed  by  the 
present  writer.'  In  the  present  investigation  no  color  has  this  char- 
acteristic. The  ditTerence  is  probably  due  to  the  fact  that  the  present 
experiments  were  made  with  the  eyes  in  daylight  adajjtation.  while 
the  former  investigations  were  conducted  in  the  customary  dark  room. 
Though  no  grajih  was  found  to  possess  more  than  four  branches, 
evndence  will  shortly  be  given  to  indicate  the  probability  of  a  lifth 
branch  being  found  with  some  of  the  spectral  colors. 

In  analogous  investigations  by  the  writer  and  liis  assistants  on  the 
senses  of  touch'"  and  taste,"  similar  Porter  graphs  consisting  of  three 
branches  were  obtained;  while  in  sound,'*  Porter  graphs  with  two 
branches  resulted  from  measurements  over  a  short  range  of  inten.^ities. 
It  is  evident,  therefore,  that  in  obtaining  these  graphs  we  arc  dealing 
with  the  most  fundamental  and  general  characteristics  of  sensory 
actions. 

In  referring  to  these  graphs  it  will  be  convenient  to  term  them,  as 
has  already  been  done,  the  Porter  graphs,  and  the  phenomenon  they 
represent  the  Porter  cfTect,  since  that  investigator  discovered  it.  As 
there  arc  four,  and  probably  five,  branches  of  some  of  the  graphs,  a 
convenient  mode  of  distinguishing  them  must  be  devised.  Following 
the  suggestion  of  my  colleague,  Professor  J.  I'.  T.  Young,  Greek  letters 
have  been  selected.  The  lowest  branch  of  the  graph  for  each  color  may 
therefore  be  termed  the  a  branch  and  the  remainder  the  ^,  y,  8,  and 
e  branches.  The  intensities  corresponding  to  these  branches  may 
similarly  be  termed  the  a  intensity,  or  the  a  spectrum,  etc.  One  graph 
in  each  figure  has  its  four  branches  properly  marked. 

The  point  between  the  a  and  /i  branches  at  wliich  the  change  of  slope 

«  rhil.  Mag.,  2-/,  p.  352;  1012. 
»  rhil.  .Map..-?.V.p.  Sl;1019. 

"  .\llcn  ami  IIolKntHri:.    Tli.-  Ta.iil.-  S.tis^rj-  Rellcx.    Quar.  Jour.  Ejq).  rh>-sioI.,  /•/. 
p. 351; 1924. 

-Vllen  and  Weinberg.  Ihid.,  15,  p.  377;  1925. 
"  .Mien  and  Weinberg.  The  Clustator>-  Senson.-  Reflex,  IhiJ.,  15,  p.  385;  1925. 
"  rhil.  Mag.,  -/r,  p.  941 ;  1924. 
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occurs  may  be  termed  the  first  inflexion  point;  and  similarly  for  the 
others,  the  second  and  third  inflexion  points. 

The  interpretation  of  the  Porter  graphs  when  only  two  branches 
were  known  was  in  harmony  with  the  Duplicity  Theory  of  von  Kries. 
The  a  branch  was  supposed  to  represent  rod  or  scotopic  vision,  and  the 
upper,  or  jS  branch,  cone  or  photopic  vision.  In  this  explanation  the 
writer  had  concurred.  It  is  obvious,  however,  that  this  explanation 
can  no  longer  be  admitted  on  account  of  the  number  of  branches  of  the 
graphs,  and  also  on  account  of  the  existence  of  similar  graphs  from 
analogous  measurements  on  other  senses  which  do  not  possess  any  two- 
fold receptor  mechanism,  such  as  rods  and  cones.  A  lengthy  series  of 
experiments  was  now  carried  out  to  determine  the  cause  of  the  Porter 
effect.  For  this  purpose  ten  colors  were  selected,  which  were  used  at 
various  intensities  for  stimulating  the  left  eye,  the  right  eye,  and  an  area 
of  the  right  eye  adjoining  that  upon  which  measurements  were  made. 
Including  the  eight  which  have  already  been  discussed,  forty-four 
persistency  curves  have  been  obtained  in  this  investigation  in  order  to 
provide  a  sufficiently  wide  basis  for  such  conclusions  as  are  warranted. 
The  intensity  of  stimulation  employed  is  marked  on  each  curve  and  in 
the  tables.  By  referring  to  these  and  to  Table  4  and  the  Porter  graphs  in 
Figs.  5  and  6,  the  branch  of  the  graph  to  which  each  intensity  belongs 
may  be  recognized.  This,  however,  is  also  indicated  on  each  curve. 
In  each  of  the  Figs.  4  and  7  to  12,  inclusive,  the  intensity  of  one  curve 
is  marked  7  =  1.  This  does  not  mean  that  these  intensities  are  all  of 
the  same  value,  but  only  that  the  intensity  of  the  color  was  that  of  the 
spectrum  when  the  principal  planes  of  the  nicols  were  parallel. 

WAVE  LENGTH  .700/^  (TABLE  5,  FIG.  7) 

With  the  color  .700jLt  the  direct  action  of  stimulation  of  the  right  eye 
was  measured  for  two  intensities.  Curve  F  shows  the  effect  of  /3  intensity 
stimulation,  which  is  the  enhancement  of  the  red,  green  and  violet 
sensations,  though  in  this  case  the  last  is  scarcely  affected.  When  color 
of  5  intensity  was  used— curve  G — the  red  sensation  was  still  enhanced 
and  the  green  and  violet  were  depressed  in  sensitiveness.  As  the 
Porter  graph  for  this  color  has  three  branches,  the  middle  one  may 
be  regarded  as  consisting  of  the  /3  and  7  branches  which  are  of  the  same 
slope,  and  therefore  form  a  continuous  line.  It  will  be  seen  later  that 
stimulation  with  /3  and  7  intensities  produces  effects  of  the  same  type 
but  not  of  the  same  magnitude. 
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Table  5.  Slimulation  u-Uh  .700/i. 


X 

A' 

Normal 

sec. 

7  =  0.883 

6-intcnsity 

sec. 

Reduced 
A' =  100 

7=0.117 

;<-in  tensity 

sec. 

Reduced 
\  =  100 

.740p 

0.0258 

0.0251 

97.4 

0.0249 

96.5 

.720 

.0233 

.0225 

96.5 

.0222 

95.2 

.700 

.0209 

.0208 

99.5 

.0211 

101.0 

.660 

.0171 

.0175 

102.3 

.0170 

99. S 

.620 

.0147 

.0148 

100.6 

.0145 

98.6 

.590 

.0138 

.0140 

101.5 

.0135 

97.7 

.550 

.0143 

.0146 

102  0 

.0138 

96  6 

.530 

.0153 

.0154 

KJO.S 

.0147 

96.0 

.500 

.0191 

.0200 

104.7 

.0189 

99.0 

.480 

.0233 

.0244 

104.8 

.0234 

100.3 

.450 

.0292 

.0306 

104.8 

.0294 

100.8 

.433 

.0330 

.0.U6 

105.0 

.0332 

100.6 

.420 

.0363 

.0381 

105.0 

.0^,1 

W  5 

40m     V5      so      S.'^  70       ys 

Fig.  7.     Effect  of  stimuUting  the  righi  rye  nith  the  axiw  lengths  JOOn  and  JWfi. 

W.WE  LENGTH  .6S7m  (T.VBLE  6,  FIG.  8) 

The  elTccts  of  stimulation  with  .687^  of  low  intensities  have  been 
already  discussed  and  shown  in  Fig.  4.  With  the  brighter  light  a  curve, 
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Table  6.  Right  eye  stimulated  with 

.687ju. 

X 

N 

Normal 

sec. 

7=1 

5-intensity 
sec. 

Reduced 
TV  =  100 

7  =  0.725 

2nd  Inf.Pt. 

sec. 

Reduced 
iV  =  100 

7  =  0.067 

jS-intensity 
sec. 

Reduced 
iV=100 

Arc 

e-intensity 
* 

.740m 

0.0258 

0.0240 

93.0 

0.0246 

95.2 

0.0255 

98.7 

106.3 

.720 

.0233 

.0220 

94.5 

.0225 

96.6 

.0227 

97.6 

104.2 

.700 

.0209 

.0199 

95.4 

.0202 

96.6 

.0203 

97.2 

107.0 

.660 

.0171 

.0168 

98.2 

.0170 

99.5 

.0167 

97.7 

101.2 

.620 

.0147 

.0148 

100.8 

.0143 

97.3 

.0142 

96.6 

98.0 

.590 

.0138 

.0143 

103.6 

.0134 

97.0 

.0133 

96.4 

95.3 

.550 

.0143 

.0150 

105.0 

.0143 

100.0 

.0141 

98.6 

94.8 

.530 

.0153 

.0156 

102.0 

.0150 

98.0 

.0148 

96.7 

94.5 

.500 

.0191 

.0201 

105.2 

.0193 

101.0 

.0188 

98.5 

98.5 

.480 

.0233 

.0253 

108.4 

.0232 

99.5 

.0235 

100.8 

99.5 

.450 

.0292 

.0322 

110.2 

.0294 

100.7 

.0292 

100.0 

97.0 

.433 

.0330 

.0362 

109.5 

.0335 

iOl.5 

.0327 

98.0 

93.2 

.420 

.0363 

.0388 

107.0 

.0367 

101.0 

.0365 

100.5 

95.4 

*  Reduced  from  Table  4  in  paper  "On  Reflex  Visual  Sensations,"  J.O.S.A.  &  R.S.L,  7, 
p.  601;  1923. 
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/4,  for  /3  intensity,  was  obtained.  This  shows  enhancement  of  nearly  the 
whole  spectrum.  Stimulation  with  color  of  an  intensity  corresponding 
to  the  second  inllcxion  point  curve  B  shows  enhancement  of  the 
red  and  green  sensations,  while  the  violet  is  slightly  depressed.  This 
efTect  is  more  characteristic  of  the  third  inflexion  point.  As  the  Porter 
graph  for  .687/i  has  three  branches,  the  middle  one  probably  consists  of 
the/3  and  7  branches  with  no  point  of  inflexion  between  them.  Stimula- 
tion with  color  of  5  intensity-  curve  C-  shows  marked  enhancement 
of  the  red  and  dci)rcssion  of  the  green  and  \-iolet  sensations.  Curve  D 
shows  the  effect  of  the  same  color  obtained  from  an  arc-spectrum,  which 
is  provisionally  termed  t  intensity.  This  shows  the  opposite  efTect  which 
is  the  depression  of  the  red  sensation  and  enhancement  of  the  green 
and  violet. 

In   these   figures   all   curves  marked   arc  spectrum   are   reproduced 
from  a  former  investigation  to  which  reference  is  made  in  the  tables. 

W.WE  LEXGTII  .660,1  (T.\BLE  7,  FIG.  8) 
In  former  investigations  it  was  found  that  the  color  .660/i  gave 
neither  depression  nor  enhancement  of  the  sensations,  and  was  termed 
an  equilibrium  color.  The  Porter  graph,  however,  consists  of  two  long 
branches.  Curve  E  shows  the  elTect  of  direct  stimulation  with  color 
of  a  intensity,  which  is  the  depression  of  all  three  sensations.  Two  other 


Table  7.  Rigitt  eye  stimulated  u-ith 

.660p. 

X 

N 

Normal 

sec. 

7  =  1 
5-intcnsity 

Reduced 
A' =  100 

7  =  0.235 

5-intensity 

sec. 

Reduced 
A^  =  100 

7  =  0.015 
a-intcnsity 

0.0203 

Reduced 
.V  =  100 

102.0 

spectrum 
«~intensilv 

.  74()/i 

0.0258 

0.0245 

95.0 

0.0247 

95.7 

101.0 

.720 

.0233 

.0221 

94.7 

.0221 

94.7 

.0237 

101.7 

98.2 

.700 

.0209 

.0203 

97.1 

.0206 

98. 5 

.0213 

102  0 

97.2 

.000 

.0171 

.0173 

101.1 

.0174 

101.8 

.0178 

104.0 

99.5 

.620 

.0147 

.0150 

102.0 

.0148 

UX).7 

.0148 

100.7 

99.4 

.590 

.0138 

.0142 

102.8 

.0140 

101.3 

.0141 

102.3 

99.4 

.550 

.0143 

.0148 

103.5 

.0145 

101.4 

.0140 

102.0 

101.2 

.5.>0 

.0153 

.0157 

102.8 

.0154 

100.7 

.0155 

101.3 

98.7 

.500 

.0191 

.0205 

107.2 

.0197 

103.0 

.0205 

107.2 

99.0 

.480 

.0233 

.0247 

106.0 

.0245 

105.0 

.0242 

103.9 

98.4 

.450 

.0292 

.0305 

104.3 

.0301 

103.0 

.0207 

101.7 

99.0 

.433 

.0330 

.0340 

103.0 

.0337 

102.2 

.0333 

101.0 

101.0 

.420 

.0363 

.0367 

101.0 

.0366 

101.0 

.0373 

102.8 

99.5 

•  Reduced  from  Table  4  in  paper  "On  Reflex  Visual  Sensations,"  J.O.S..\.  &  R.S.I.,  7, 

p.  601;  1923. 
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intensities  gave  results  characteristic  of  the  5  intensity  stimulation^ — 
curves  F  and  G — which  are  the  enhancement  of  the  red  sensation  and 
depression  of  the  green  and  \dolet.  It  is  quite  e^ddent,  therefore,  that 
this  is  not  an  equilibrium  color,  except  at  the  highest  intensities.  The 
significance  of  this  result  will  be  discussed  later. 

WAVE  LENGTH  .590^  (TABLE  8,  FIG.  7) 

The  direct  action  of  the  yellow  color,  .590ju^  for  five  intensities  is 
shown  in  the  figure.  The  depressing  effect  of  a  intensity  stimulation 
is  well  marked  in  curve  A .  Curves  B  and  C  show  that  stimulation  with 
/3  and  y  intensities  produces  similar  results  almost  equilibrium  in 
character.  The  higher  5  intensity,  curve  D,  shows  marked  enhancement 

Table  8.  Stimtdaiion  with  .S90ii. 


/< 

N 

Normal 

sec. 

7  =  1 

5-in  tensity 
sec. 

Reduced 
TV  =  100 

7  =  0.25 

7-intensity 
sec. 

Reduced 
TV  =100 

7  =  0.0194 

/3-intensity 
sec. 

Reduced 
iV=100 

7  =  0.002 

a-intensity 

sec. 

.740m 

0.0258 

0.0250 

96.9 

0.0248 

96.1 

0.0248 

96.1 

0.0265 

102.7 

.720 

.0233 

.0220 

94.4 

.0227 

97.5 

.0230 

98.7 

.0239 

102.5 

.700 

.0209 

.0195 

93.4 

.0205 

98.1 

.0210 

100.5 

.0219 

104.8 

.660 

.0171 

.0161 

94.2 

.0175 

102.3 

.0172 

100.7 

.0178 

104.1 

.620 

.0147 

.0138 

94.0 

.0149 

101.4 

.0149 

101.4 

.0156 

106.0 

.590 

.0138 

.0129 

93.5 

.0135 

98.0 

.0138 

100.0 

.0142 

103.0 

.550 

.0143 

.0136 

95.0 

.0146 

102.0 

.0146 

102.0 

.0148 

103.5 

.530 

.0153 

.0141 

92.0 

.0157 

102.7 

.0158 

103.2 

.0161 

105.2 

.500 

.0191 

.0176 

92.1 

.0191 

100.0 

.0194 

101.5 

.0197 

103.1 

.480 

.0233 

.0219 

94.0 

.0235 

101.0 

.0235 

101.0 

.0235 

101.0 

.450 

.0292 

.0296 

101.3 

.0289 

99.0 

.0294 

100.7 

.0300 

102.8 

.433 

.0330 

.0340 

103.0 

.0328 

99.4 

.0333 

101.0 

.0348 

105.5 

.420 

.0363 

.0384 

105.9 

.0362 

99.6 

.0366 

101.0 

.0380 

105.0 

Arc  spectrum 
e-intensity* 


X 

X 

.740m 

104.8 

.530m 

110.9 

.720 

103.4 

.500 

97.5 

.700 

106.5 

.480 

94.5 

.660 

105.8 

.450 

95.5 

.620 

101.2 

.433 

.590 

106.0 

.420 

95.7 

.550 

113.0 

*  Reduced  from  Table  4  in  paper  "On  Reflex  Visual  Sensations,"  J.O.S.A.  &  R.S.I.,  7, 
p.  601; 1923. 


October,  1926]      Variation  of  Visual  Rkflex  Action 


403 


of  the  red  and  green  sensations  and  depression  of  the  \iolet,  while  the 
arc  spectrum,  curve  E,  gave  the  exact  opposite,  which  is  the  depression 
of  the  red  and  green  sensations  and  enhancement  of  the  violet. 

W.WE  LENcnil  .570p  (TAULK  ^,  1  IG.  9) 

W  itli  these  results  the  direct  action  of  the  color  .57()/i  may  be  com- 
pared. In  a  former  investigation"  with  an  arc  spectrum,  it  was  found 
that  almost  the  same  color,  .572^,  gave  equilibrium  efTects.    The  three 

Table  9.  Stimulation  u-ith  .S70>i. 


\ 

Normal 
sec. 

U .  02, ^JS 

/=1 

■) -intensity 

sec. 

U.0254 

Reduced 
S  =  100 

7=0.067 

^{-intensity 

sec. 

Reduced 
A'  =  100 

7=0.005 

o-intensily 

sec. 

Redurc<l 
.V  =  100 

Arc 

Spectrum 

e-inteiii>ity 

• 

.74<)Ai 

98.4 

0.0254 

98.4 

0.0262 

101.4 

99.0 

.720 

.om 

.0229 

98.3 

.0238 

102.2 

.0237 

101.8 

100.7 

.700 

.0209 

.0205 

97.0 

.0211 

101.0 

.0210 

100.5 

100.3 

.6()0 

.0171 

.0169 

98.8 

.0173 

101.1 

.0173 

101.1 

98.3 

.620 

.0147 

.0151 

102.7 

.0151 

102,7 

.0151 

102.7 

98.7 

.590 

.0L« 

.01.?5 

97.7 

.013S 

100.0 

.0140 

101.3 

98.6 

.550 

.0143 

.0140 

98.0 

.0141 

98.6 

.0144 

100.7 

99.4 

.5.?0 

.0153 

.0153 

100.0 

.0156 

102.0 

.0153 

100.0 

101.2 

.500 

.Ol'M 

.0187 

97.9 

.0194 

101.5 

.0194 

101.5 

97.5 

.480 

.0233 

.0229 

98.3 

.0235 

100.8 

.0231 

99.0 

98.0 

.450 

.0292 

.0290 

99.3 

.0294 

100.8 

.0293 

100.3 

97.6 

A^^ 

.0330 

.0332 

100.5 

.0334 

101.2 

.0331 

100.2 

9(^..3 

.42(1 

.()?f.' 

('  "~f! 

1(P   0 

.(t;r,<) 

101.8 

.0368 

101.3 

99.4 

*  Reduced  from  Table  4  in  paper  "On  Refle.x  Visual  Sensations,"  J.().S..\.  &  R.S.I.,  7, 
p.  601; 1923. 

curves  F,  G  and  //.  in  the  figure,  however,  indicate  that  the  former 
hue  gives  equilibrium  elTects  down  to  the  lowest  intensity.  Apparently 
with  low  intensities  .570/i  is  an  equilibrium  color;  while  with  high, 
.572/i  has  that  characteristic,  since  curve  /.  obtained  with  .57ll;i  in  the 
arc  spectrum,  shows  some  enhancement  of  the  green  antl  violet  sen- 
sations. 

WAVE  LKXGTII  .550;i  (TABLE  10,  FIC.  10) 

With  the  green  color  .55(V.  a  more  lengthy  series  of  si.x  persistency 
curves  was  taken.  Curve  A  shows  the  retlex  depressing  clTcct  upon  the 
right  eye  of  a  intensity  stimulation  of  the  left,  while  curve  B  shows  the 
direct  action  of  the  same  stimulus  upon  the  right  eye.  Both  show 
depressing  elTccts  of  the  same  type  but  not  of  the  same  magnitude, 

"  J.O.S.A.  &  R.S.I. ,  7,  p.  913;  1923. 
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Table  10.  Stimulation  with  .550^, 


Direct  Action 


N 

7  =  1 

Reduced 

7  =  0.413 

Reduced 

7  =  0.019 

Reduced 

X 

Normal 

6-intensity 

iV  =  100 

7-intensit3' 

iV  =  100 

/3-intensity 

iV  =  100 

sec. 

sec. 

sec. 

sec. 

.740m 

0.0258 

0.0267 

107.2 

0.0253 

98.0 

0.0252 

97.7 

.720 

.0233 

.0243 

104.2 

.0232 

99.6 

.0228 

98.0 

.700 

.0209 

.0215 

103.0 

.0209 

100.0 

.0205 

98.0 

.660 

.0171 

.0168 

98.3 

.0166 

97.2 

.0166 

97.2 

.620 

.0147 

.0144 

98.0 

.0145 

98.6 

.0145 

98.6 

.590 

.0138 

.0133 

96.4 

.0134 

97.0 

.0132 

95.6 

.550 

.0143 

.0136 

95.2 

.0139 

97.2 

.0136 

95.2 

.530 

.0153 

.0143 

93.5 

.0146 

95.4 

.0145 

94.8 

.500 

.0191 

.0179 

93.7 

.0181 

94.7 

.0180 

94.3 

.480 

.0233 

.0223 

95.6 

.0220 

94.4 

.0216 

92.6 

.450 

.0292 

.0294 

100.7 

.0288 

98.6 

.0276 

94.5 

.433 

.0330 

.0347 

105.0 

.0325 

98.5 

.0332 

97.5 

.420 

.0363 

.0384 

105.8 

.0362 

99.7 

.0354 

97.5 
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Direct  Action 

Reflex 

\ction 

Left  Kye 

Arc 

X 

' 

' 

spectrum 

7  =  0.005 

KciJuced 

7  =  0.0012 

Reduced 

7  =  0.0012 

Reduced 

*-in  tensity 

1st  Inf.Pt. 

A' =  100 

a-inteniity 

A' =  100 

a-intensity 

A' =  100 

• 

sec. 

sec. 

sec. 

.740m 

0.0261 

101.1 

0.0263 

102.0 

0.0264 

102.3 

87.5 

.720 

.()2M 

99.2 

.0241 

103.5 

.02.vS 

102  2 

86.4 

.70(J 

.0210 

100.5 

.0224 

107.2 

.0212 

101.4 

88.0 

.660 

.0169 

98.8 

.0181 

105.8 

.0178 

104.0 

95.4 

.620 

.0148 

100.8 

.0158 

107.4 

.0153 

ICM.O 

99.4 

.590 

.01.^7 

99.3 

.0141 

101.4 

.0141 

101.4 

101.3 

.550 

.oiw 

97.2 

.0150 

104.9 

.0150 

104.9 

109.0 

.5.30 

.0145 

94.8 

.0166 

108.3 

.0164 

107.1 

110.2 

.500 

.0185 

96.8 

.0206 

107.8 

.0201 

105.2 

96.6 

.480 

.0229 

98.3 

.0245 

105.2 

.0237 

101.8 

90.2 

.450 

.0290 

99.4 

.0296 

101.3 

.0.300 

102.8 

90.7 

.433 

.0331 

100.3 

.0336 

101.8 

.O.Ul 

103.3 

.420 

.0368 

101.4 

.0381 

105.0 

.0373 

102.9 

94.5 

•  Reduced  from  Tali 
p.  601;  1923. 


;>.ipcr  "On  Reflex  \  isual  Sensations,  "  J.O.S.A.  &  R.S.I.,  7 


■I^OfK     V^      -,50       -SS        bo        bS 


75 


Fig.  10.     Direct  and  reflex  effects  of  stimuLUing  t/u-  ri^hS  <\e  icUk  She  u<JTe  Icr.cih  JSO^l, 


406 


Frank  Allen 


[J.O.S.A.  &  R.S.I.,  13 


the  direct  action,  as  might  be  expected,  having  the  greater  effect.  The 
intensity  corresponding  to  the  first  inflexion  point,  as  nearly  as  it 
could  be  determined  from  the  Porter  graph,  gives  the  equilibrium 
condition  in  the  red  and  violet  sensations,  but  enhances  the  green,  as 
shown  in  curve  C.  Evidently  the  intensity  selected  is  a  little  too  high, 
since  enhancement  of  the  green  sensation  has  occurred  which  is  char- 
acteristic of  /3  intensity  stimulation.  The  curves,  D  and  E,  for  ^  and  7 
intensities,  show  enhancement  of  the  whole  spectrum.  When  the  color 
was  used  at  5  intensity,  curve  F,  the  green  sensation  was  enhanced  and 
the  red  and  violet  depressed.  With  the  very  bright  color  from  the  arc 
spectrum,  e  intensity,  exactly  the  opposite  effect  occurred  as  is  shown 
by  curve  G.  It  is  to  be  noted  that  in  curves  A,  B  and  C,  coincidence 
with  the  normal  occurs  at  about  the  wave  length  .590/i,  while  in  the 
remainder  it  occurs  nearer  the  red. 

WAVE  LENGTH  .505^  (TABLE  11,  FIG.  11) 

The  most  remarkable  Porter  graph  was  obtained  with  the  color 
.505/i,  which  gave  a  single  straight  line.  This  indicates  that  all  branches 
have  the  same  slope.  In  the  original  measurements  for  stimulation 
with  this  color  from  an  arc  spectrum,  coincidence  with  the  normal 
resulted,  as  is  shown  in  curve  /.   The  new  curves  F,  G  and  H,  for  lower 


Table  11.  Stimulation  with  .505fi. 


X 

N 

Normal 

sec. 

7  =  1 

7-intensity 
sec. 

Reduced 
N  =  100 

7  =  0.117 

j3-intensity 

sec. 

Reduced 
iV^  =  100 

7  =  0.005 

a-intensity 

sec. 

Reduced 
iV  =  100 

Arc 
spectrum 
eintensity 

.740m 

0.0258 

0.0259 

100.4 

0.0260 

100.8 

0.0260 

100.8 

98.0 

.720 

.0233 

.0235 

101.0 

.0230 

98.6 

.0235 

101.0 

99.0 

.700 

.0209 

.0211 

101.0 

.0207 

99.0 

.0213 

102.0 

99.5 

.660 

.0171 

.0170 

99.4 

.0170 

99.4 

.0173 

101.0 

100.0 

.620 

.0147 

.0148 

100.6 

.0146 

99.4 

.0148 

100.6 

100.0 

.590 

.0138 

.0138 

100.0 

.0137 

99.3 

.0140 

101.4 

99.3 

.550 

.0143 

.0141 

98.5 

.0141 

98.5 

.0144 

100.8 

99.4 

.530 

.0153 

.0148 

96.8 

.0152 

99.4 

.0155 

101.2 

98.2 

.500 

.0191 

.0188 

98.4 

.0193 

101.0 

.0192 

100.5 

97.5 

.480 

.0233 

.0230 

98.6 

.0232 

99.5 

.0231 

99.1 

98.7 

.450 

.0292 

.0295 

101.0 

.0289 

99.0 

.0287 

98.3 

99.6 

.433 

.0330 

.0334 

101.1 

.0331 

100.2 

.0333 

100.9 

.420 

.0363 

.0365 

100.4 

.0355 

97.7 

.0358 

98.0 

99.5 

*  Reduced  from  Table  4  in  paper  "On  Reflex  Visual  Sensations,"  J.O.S.A.  &  R.S.I.,  7, 
p.  601;  1923. 
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intensities,  show  the  equilibrium  condition  to  be  a  characteristic  of 
the  color  for  all  intensities. 
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Fic.  11.     Direcl  and  reflex  effects  of  sliniiilatinii  the  right  eye  with  the  auw  lengths 

JOS  ft  and  .4SV^. 


W.WE  LENGTH  .480^  (T.\BLE  12,  MCi.  11) 

The  color  .480ju  is  also  an  equilibrium  color  at  high  intensities,  as  is 
shown  by  curve  E.  This  color  at  a  intensity  was  used  to  stimulate  one 
side  of  the  right  retina  and  the  etTect  was  measured  on  a  contiguous 
area  in  the  manner  used  by  the  writer  in  experiments  performed  to 
determine  the  cause  of  contrast.  The  result  of  the  present  measurements 
is  exhibited  in  curve  .1,  which  shows  depre^^sion  of  the  wht)le  spectrum. 
A  similar  result,  curve  B,  was  obtained  when  the  stimulation  was  upon 
the  retinal  area  with  which  measurements  were  made.  Curves  C  and  D 
give  the  elTects  of  stimulation  with  (5  and  7  intensities,  which  show 
enhancement  of  the  green  and  violet  sensations,  but  scarcely  any  effect 
upon  the  red.  It  is  evident,  therefore,  that  this  color  only  possesses 
equilibrium  characteristics  at  the  highest  intensities. 
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Table  12.  Stimulation  with  ASOfi. 


N 

Normal 

sec. 

Direct  action 

Reflex  action 

<< 

7  =  1         ^ 

T-intensity 
sec. 

-a    II 

7  =  0.117 

/3-intensity 

sec. 

Reduced 

7  =  0.005 

a-intensity 

sec. 

Reduced 
iV=100 

7  =  0.011 

a-intensity 

sec. 

-d  o 

3 
■d      II 

.740m 

0.0258 

0.0265 

102.7 

0.0255 

98.8 

0.0269 

104.3 

0.0280 

108.3 

.720 

.0233 

.0238 

102.0 

.0228 

98.0 

.0249 

106.8 

.0253 

108.7 

.700 

.0209 

.0211 

101.0 

.0207 

99.1 

.0221 

105.7 

.0225 

107.5 

.660 

.0171 

.0173 

101.2 

.0170 

99.3 

.0176 

103.0 

.0179 

104.8 

.620 

.0147 

.0147 

100.0 

.0146 

99.3 

.0147 

100.0 

.0153 

104.0 

.590 

.0138 

.0133 

96.4 

.0131 

95.0 

.0141 

102.2 

.0140 

101.5 

.550 

.0143 

.0137 

95.7 

.0135 

94.4 

.0146 

102.0 

.0143 

101.3 

.530 

.0153 

.0149 

97.3 

.0144 

94.0 

.0152 

99.3 

.0156 

102.0 

.500 

.0191 

.0184 

96.3 

.0185 

96.7 

.0193 

101.0 

.0201 

105.2 

.480 

.0233 

.0218 

93.5 

.0216 

92.6 

.0246 

105.5 

.0236 

101.3 

.450 

.0292 

.0281 

96.3 

.0269 

92.0 

.0299 

102.4 

.0302 

103.2 

.433 

.0330 

.0317 

96.0 

.0307 

93.0 

.0338 

102.3 

.0339 

102.8 

.420 

.0363 

.0351 

96.7 

.0345 

95.0 

.0376 

103.6 

.0369 

101.7 

Arc  spectrum 
ein  tensity* 


X 

X 

.740m 

99.4 

.550m 

99.4 

.720 

99.5 

.530 

100.0 

.700 

101.2 

.500 

100.4 

.660 

98.3 

.480 

98.7 

.620 

101.3 

.450 

101.4 

.590 

100.0 

.420 

101.0 

*  Reduced  from  Table  4  in  paper  "On  Reflex  Visual  Sensations,"  J.O.S.A.  &  R.S.I.,  7, 
p.  601; 1923. 
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WAVE  LENGTH  .450p  (TABLE  13,  FIG.  9) 

W  illi  the  color  .450/i,  a  intensity  stimulation,  curve  A,  depresses  the 
retinal  sensations.  Intensity  of  the  lirst  inlkxion  point,  curve  B,  shows 
complete  equilibrium.     The  !;i  intensity  stimulation,  curve  C,  shows 


Tabll  13.  Stimultition  u-ith  .450/i. 


^ 

.V 

Normal 

sec. 

Tib 

"-  .5  ^' 

1 

Reduced 
.V  =  100 

^*  -7.     . 

Reduced 
.V-100 

Reduced 
A  - 100 

5  i' 
c  * 

1  c  ^ 

e 

11 

a:  < 

.740/i 

0.02.S8 

0.0265 

102.7 

0.0250 

97.0 

0.0262 

101.7 

0.0273 

105.8 

.720 

.0233 

.0245 

105.1 

.0231 

9<;.2 

.0237 

101.6 

.0248 

106.3 

.700 

.020<> 

.0215 

103.0 

.0209 

1(K).0 

.0211 

101.0 

.0223 

106.7 

.660 

.0171 

.0167 

97.6 

.0169 

98.7 

.0173 

101  2 

.0173 

101.2 

.620 

.0147 

.0146 

99.3 

.0145 

98.6 

.014,s 

nx)..s 

.Ol.'^) 

102.1 

.590 

.0138 

.0135 

97.8 

.0134 

97.0 

.0138 

100.0 

.0141 

102.2 

.550 

.0143 

.01.^9 

97.3 

.0140 

98.0 

.0141 

98.7 

.0146 

102.0 

.530 

.0153 

.0147 

96.0 

.0149 

97.4 

.01.>3 

100.0 

.0155 

101.3 

.500 

.0191 

.01  SO 

94.2 

.OISS 

98.4 

.0193 

101.0 

.0202 

105.8 

.480 

.0233 

.0216 

92.6 

.0225 

96.5 

.0233 

100.0 

.0240 

103.0 

.450 

.0292 

.0271 

92.8 

.0287 

98.3 

.0295 

101.0 

.0299 

102.3 

.433 

.0330 

.0313 

94.8 

.0322 

97.6 

.0333 

100.8 

.0341 

103.3 

.420 

o;>f,  ? 

0^1 

03  ,S 

.  0349 

or.  0 

0362 

99.0 

.0370 

102.0 

Arc  spectrum 
eintcnsity* 


101.8 
102.3 
104.8 
104.4 
105.5 
108.0 


•  Reduced  from  Table  4  in  paper  "On  Reflex  Visual  Sensations,"  J.U.S.A.  &  R.S.L,  7 
p. 601; 1923. 

enhancement  of  all  three  sensations.  Curve  D,  however,  exhibits 
enhancement  of  the  violet  and  green  sensations  and  depressi""  "<^  the 
red,  which  arc  characteristic  of  stimulation  with  6  intensity. 
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WAVE  LENGTH  .410^  (TABLE  14,  FIG.  12) 

The  reflex  action  of  the  color  AlOix,  of  a  intensity  when  applied  to 
one  side  of  the  retina  of  the  right  eye  is  shown  in  curve  A ;  and  when 
applied  to  the  left  eye  in  curve  B.  The  direct  action  on  the  right  eye  is 
shown  in  curve  C.    All  three  curves  indicate  that  the  sensitiveness  of 


Table  14   Stimulation  with  .410/i 


d 

Direct  action 

Reflex  action 

Left 

eye 

Right 

eye 

/< 

7  =  1 

(3-intensity 
Sec. 

3 
■^     II 

Pi      ^ 

7  =  0.25 

a-intensity 

Sec. 

Reduced 
TV  =  100 

7  =  0.178 

a-intensity 

Sec. 

3 

-a    II 

Pi  < 

7  =  0.25 

a-intensity 

Sec. 

Reduced 
TV  =100 

.740m 

0.0258 

0.0268 

104.0 

0.0279 

108.0 

0.0267 

103.3 

0.0276 

107.0 

.720 

.0233 

.0241 

103.2 

.0256 

109.8 

.0237 

101.8 

.0251 

107.7 

.700 

.0209 

.0208 

99.5 

.0232 

111.0 

.0214 

102.3 

.0219 

104.8 

.660 

.0171 

.0160 

93.5 

.0175 

102.3 

.0169 

98.0 

.0176 

103.0 

.620 

.0147 

.0139 

94.5 

.0156 

106.0 

.0145 

98.6 

.0152 

103.3 

.590 

.0138 

.0133 

96.4 

.0145 

105.0 

.0141 

102.2 

.0141 

102.2 

.550 

.0143 

.0138 

96.5 

.0148 

103.5 

.0145 

101.3 

.0144 

100.8 

.530 

.0153 

.0147 

96.0 

.0159 

104.0 

.0155 

101.3 

.0153 

100.0 

.500 

.0191 

.0190 

99.4 

.0217 

113.5 

.0197 

103.0 

.0197 

103.0 

.480 

.0233 

.0231 

99.0 

.0260 

111.3 

.0244 

104.9 

.0236 

101.3 

.450 

.0292 

.0275 

94.2 

.0320 

109.6 

.0302 

103.3 

.0300 

102.8 

.433 

.0330 

.0321 

97.2 

.0349 

105.8 

.0340 

103.0 

.0333 

101.0 

.420 

.0363 

.0343 

94.5 

.0376 

103.6 

.0367 

101.0 

.0374 

104.0 

Arc  spectrum 
e-in  tensity* 


X 

X 

.740m 

95.2 

.530m 

95.2 

.720 

96.7 

.500 

98.5 

.700 

97.5 

.480 

106.0 

.660 

99.0 

.450 

109.0 

.590 

96.0 

.433 

108.0 

.550 

94.2 

.420 

106.6 

*  Reduced  from  Table  4  in  paper  "On  Reflex  Visual  Sensations,"  J.O.S.A.  &  R.S.I.,  7, 
p.  601, 1923. 

the  three  fundamental  sensations  is  depressed.  The  curve  obtained 
with  an  intensity  corresponding  to  the  second  branch  of  the  Porter 
graph  is  shown  in  curve  D.    The  enhancement  of  the  violet  and  green 
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sensations  is  characteristic  of  7  intensity  stimulation,  but  the  depression 
of  the  red  sensation  indicates  5  intensity.  This  curve,  therefore,  is 
somewhat  anomalous  in  character.  It  is  similar  to  curve  D,  Fig.  9,  for 
the  blue  color  .45()/i,  which  is  compounded  of  the  violet  and  green 
sensations.  The  violet  color  has  hitherto  shown  all  the  characteristics 
of  a  simple  sensation.  'Ihis  is  indicated  in  curve  E,  I-'ig.  12,  where  the 
violet  sensation  is  depressed,  and  the  ^reen  antl  red  enhanced. 
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Fig.  12.     DirccI  and  rejUx  cjffccls  oj  stimulating  the  rigki  and  left  eyes 

with  'wave  length  .-flOft. 


SUMMARY  OF  RF.SULTS 

The  forty-four  new  j)ersistency  cur\es  which  have  now  been 
described  were  obtained  during  a  period  of  about  eight  months,  under 
variable  conditions  of  cloud  and  sunlight.  1  he  changes  of  season  and 
of  daylight  illumination,  together  with  probable  variations  in  the 
physical  condition  of  the  writer,  would  all  have  some  effect  upon  the 
measurements  obtained.  On  some  days  experimentation  of  this  type 
is  conducted  with  great  ease;  on  others  the  readings  were  obtained  with 
greater  dilViculty.  It  is  not  surprising,  therefore,  that  the  curves  are 
not  always  of  the  same  decisive  character  in  every  detail.  Of  the  fifty 
three  curves  in  the  figures,  thirty-five  show  indications  of  a  three-fold 
di\ision  corresponding  to  the  red,  green  and  violet  colors;  twelve 
clearly  show  equilibrium  ctTects;  and  six.  while  not  showing  divisions, 
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yet  indicate  appropriate  enhancement  or  depression  of  the  spectrum 
in  whole  or  in  part.  The  evidence  afforded  by  the  persistency  curves 
therefore  strongly  supports  the  trichromatic  theory  of  color  vision. 

Excepting  only  the  equilibrium  colors,  .570/x  and  .505/x,  stimulation 
with  colors  of  a  intensity  always  results  in  depression  of  the  sensitive- 
ness of  the  three  primary  sensations,  whether  the  action  of  the  color  is 
directly  upon  the  retinal  area  with  which  measurements  were  made, 
or  whether  that  area  is  affected  by  the  reflex  action  of  the  stimulus 
from  an  adjoining  part  of  the  same  retina,  or  from  the  other  eye. 

Stimulation  with  colors  whose  intensities  correspond  to  the  first 
inflexion  point  results  in  equilibrium  conditions  between  the  enhancing 
and  depressing  effects  due  to  the  action  of  the  stimulus. 

Stimulation  with  colors  of  /3  intensity  always  produces  enhancement 
of  all  three  sensations.  This  is  also  true  of  7  intensity  stimulation  where 
it  is  known  to  be  such. 

Stimulation  with  colors  of  5  intensity  causes  enhancement  of  the 
sensation  or  sensations  directly  concerned  in  the  color  sensation,  and 
depression  of  the  complementary;  while  the  higher  intensities,  termed 
€  intensities,  cause  the  opposite  effect. 

The  second  inflexion  point  between  the  /3  and  7  intensities  is  not 
an  equilibrium  intensity,  but  denotes  a  change  in  the  ratio  of  the 
magnitudes  of-  the  depressing  and  enhancing  impulses.  Only  one 
persistency  curve  {B,  Fig.  8)  for  an  intensity  of  this  nature  was  ob- 
tained. 

Color  intensity  corresponding  to  the  third  inflexion  point  between 
the  7  and  5  intensities  should,  apparently,  indicate  partial  equilibrium 
conditions  with  reference  to  the  complementary  of  the  color  of  the 
stimulus.  Since,  however,  the  characters  of  5  intensity  and  e  intensity 
stimulation  are  opposite,  it  would  appear  to  follow  that  the  fourth 
inflexion  point  between  them  would  be  of  equilibrium  intensity  like 
the  first.  No  persistency  curves  of  either  of  these  intensities,  the  third 
and  fourth  inflexion  points,  have  yet  been  obtained. 

It  follows,  therefore,  that  all  colors  can  produce  equilibrium  effects 
if  of  proper  intensities.  This  has  been  observed  by  Emerson  and 
Martin"  in  their  investigations  on  the  photometric  matching  field; 
though  the  underlying  causes  are  only  now  determined. 

It  has  been  customary  from  the  standpoint  of  vision  to  regard  colors 
as  stimuli  which  varied  only  in  hue,  saturation  and  intensity.      The 

"  Proc.  Roy.  Soc.  A.,  108,  p.  483;  1925. 
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study  of  the  Porter  graphs  and  the  persistency  curves  shows  clearly 
that,  in  addition,  colors  are  stimuli  possessed  of  varying  physiological 
powers,  dependent  upon  hue  and  intensity,  of  evoking  reflex  acti\ilies. 
Apparently  each  branch  of  a  Porter  graph  represents  a  dellnite  ratio 
of  the  enhancing  and  depressing  impulses  which  for  some  reason  changes 
in  vakie  at  a  definite  intensity  of  stimuhition,  and  which  difTers  with 
each  color.  If  each  chromatic  sensation  were  completely  indefK-ndent, 
the  Porter  graphs  for  all  colors  would  likely  be  the  same.  Since,  how- 
ever, three  sensations  are  invariably  involved  in  every  color  stimulation, 
complications  are  inevitable  which  the  Porter  graphs  reveal. 

The  highly  varied  character  of  the  Porter  graphs  for  different  colors 
indicates  also  what  little  value  the  study  of  white  light  has  in  determin- 
ing the  principles  which  govern  the  operation  of  the  visual  apparatus. 
Since  white  light  is  a  mixture  of  all  the  spectral  colors,  stimulation  by  it 
involves  an  extraordinary  variety  of  direct  and  reflex  actions,  any  one 
of  which  may  change  in  character  by  a  slight  change  in  the  hue  or  in- 
tensity of  some  component  color. 

Martin'*  has  also  pointed  out  that  if  illuminants  are  deficient  in  blue 
and  violet,  the  retinal  receptors  will  be  deprived  of  the  powerful  en- 
hancing influences  of  these  colors.  Not  only  will  this  be  true,  but  if  any 
color  is  present  only  at  a  intensity,  enhancement  will  be  replaced  by 
depression,  which,  as  we  have  seen,  will  still  further  detrimentally  aflecl 
the  perception  of  the  whole  spectrum. 

The  enhancement  of  all  three  primary  sensations  which  results  from 
stimulation  with  colors  of  /3.  y  and  5  intensities  has  evidently  an 
important  bearing  on  certain  kinds  of  experiments  performed  by  many 
observers.  Stimulation  l)y  a  color  of  any  intensity  is  usually  assumed 
to  fatigue  the  one  or  the  two  sensations  directly  aft'ected.  whereas  with 
moderate  intensities  the  opjiosite  effect  occurs.  It  has  doubtless  often 
happened  that  when  an  exi)erimenter  believed  he  was  fatiguing  his  eye 
with  some  color,  he  was  in  reality  enhancing  its  sensitiveness,  with  the 
result  that  an  erroneous  inference  must  have  been  drawn  from  the 
experiment.  The  fact  that  stimulation  of  the  retina  can  produce  oppo- 
site etTects  according  to  the  intensity  employed  will  no  doubt  explain 
some  of  the  contradictory  observations  made  by  ditTerent  observers. 

The  predominant  depres.sing  influence  of  a  intensity  stimulation  has 
an  important  practical  apjilication.  When  the  illumination  falls  below 
the  intensity  of  the  first  inflexion  point  the  dim  light  depresses  the 

'*  Cantor  Locurc  I.  Roy.  Soc.  .\rts,  p.  17: 1025. 
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retinal  sensitiveness.  This  effect  superposed  on  the  feeble  illumination 
must  seriously  impair  the  visual  power.  This  shows  the  necessity  of 
avoiding  shadows  in  industrial  lighting,  and  also  indicates  that  the 
minimum  illumination  in  mines,  for  example,  should  be  above  the  first 
inflexion  point. 

THEORETICAL  CONSIDERATIONS 

The  results  of  these  experiments  may  thus  be  generalized.  Every  light 
stimulus  acting  upon  the  retina, generates  in  the  visual  receptors  nervous 
impulses  which  ascend  by  the  afferent  nerves  to  the  visual  centers  in 
the  cortex  where  a  sensation  of  light  and  color  is  produced.  At  some 
point  in  the  reflex  arc,  probably  in  the  synaptic  junctions  of  the  afferent 
and  efferent  nerves,  additional  nervous  impulses  are  evoked,  which 
descend  by  the  efferent  nerves  to  all  parts  of  both  retinas,  by  means  of 
which  the  sensitiveness  of  the  visual  receptors  is  controlled.  These 
efferent  impulses  are  of  two  kinds,  one  of  which  enhances  and  the  other 
depresses  the  sensitiveness  of  the  receptors.  The  result  of  these  actions 
is  the  production  of  a  state  of  sensitiveness  which  is  the  measure  of  the 
excess  of  one  process  over  the  other.  The  receptors  themselves  when 
stimulated  by  light  give  a  three-fold  response,  resulting  in  the  produc- 
tion of  three  fundamental  color  sensations  corresponding  to  the  red, 
green  and  violet  colors  of  the  spectrum.  Every  ray  of  light  stimulates 
all  three  color  sensations  in  varying  degrees,  and  the  efferent  impulses 
generally  depress  or  enhance  the  sensations  also  in  varying  amounts. 

THE  FECHNER  EFFECT 

When  a  color  stimulus  of  a  intensity  falls  upon  either  retina,  the 
sensitivity  of  the  whole  system  of  visual  receptors  in  both  eyes  is 
depressed.  This  is  shown  by  the  curves  which  have  been  described. 
In  a  former  investigation^^  a  similar  result  was  obtained  with  white 
light  of  low  intensity.  It  was  further  discovered  that  while  darkness 
depresses  the  sensitivity  to  a  considerable  extent,  dim  light  depresses 
it  still  more. 

There  is  a  long  known  but  hitherto  unexplained  phenomenon  which 
illustrates  the  depressing  influence  of  stimuli  of  low  intensities.  This 
is  termed  the  Fechner  paradox.  When,  for  example,  a  piece  of  white 
paper  sufficiently  illuminated  is  viewed  by  the  right  eye  while  the  left 
is  closed,  the  sudden  entrance  of  weak  light  through  smoked  glass  into 
the  left  eye  causes  the  white  paper  to  appear  darker  to  the  right.   The 

i«  Phys.  Rev.,  11,  p.  265;  1900.  J.O.S.A.  &  R.S.I.,  7,  p  608;  1923. 


October,  1926J      Variation  of  Visual  Reflex  Action  415 

unexpected  action  of  light  of  one  intensity  in  weakening  the  perception 
of  light  of  another  intensity  evidently  led  to  the  use  of  the  word  paradox. 

The  binocular  interactions  between  two  lights  are  thus  summarized 
by  Myers'^:  "The  brightness  of  the  combined  image  of  two  steady 
flickerless  lights,  respectively  thrown  on  corresponding  retinal  areas,  is 
obviously  not  equal  to  the  sum  of  the  two  brightnesses.  Its  value  is 
usually  slightly  above  the  arithmetical  mean  of  the  brightness  of  the 
uniocular  components,  provided  that  these  do  not  difler  too  widely 
from  one  another.  When  the  components  are  equally  bright,  the 
binocular  increase  has  been  variously  extimated  to  be  from  one-tenth 
to  one-thirtieth.  It  appears,  however,  that  the  increment  rises  with 
the  degree  of  dark  adaptation. 

"Thus  if  the  uniocular  images  differ  in  brightness,  the  binocular 
brightness  becomes  considerably  less  than  the  brighter  of  the  uniocular 
components.  This  result  is  known  as  Fechner's  paradox.  It  reaches 
its  maximum  when  the  two  brightnesses  are  in  the  ratio  1 :25.  When 
they  are  in  the  ratio  1:1.5,  the  binocular  brightness  is  about  equal  to 

that  of  the  brighter  component It  is  absent  when  the  darker 

of  the  two  fields  is  presented  before  the  brighter,  and  when  the  area 
of  the  former  is  made  considerably  smaller  than  that  of  the  latter." 

Since  the  nervous  actions  associated  with,  or  forming  part  of,  the 
visual  process,  and  indeed  of  all  sensory  processes,  are  now  more  fully 
ascertained,  one  of  which  is  the  depressing  elTect  of  weak  stimulation, 
the  Fechner  paradox  may  more  properly  be  termed  the  Fechner  effect; 
for  in  the  very  nature  of  science  the  word  "paradox"  has  no  permanent 
j)lace  in  connection  with  any  of  its  phenomena. 

The  Fechner  elTect  is  the  normal  depressing  action  of  the  a  spectrum, 
and  should  therefore  be  obtained  with  all  monochromatic  illumination 
of  a  inten.sity,  except  the  equilibrium  colors,  of  which  there  appear  to 
be  at  least  two  in  the  «  spectrum,  .570)^  and  .505^.  As  the  first  intlexion 
point  in  each  Porter  graph  represents  an  equilibrium  intensity  for  the 
color  concerned,  no  Fechner  elTect  should  be  obtained  with  them  also. 

Since  experiments  show  that  a  intensity  stimulation  of  one  retinal 
area  causes  depression  of  sensitiveness  of  the  adjoining  areas,  it  follows 
that  the  Fechner  elTect  should  be  observed  uniocularly.  under  con- 
ditions similar  to  those  in  the  binocular  experiments.  This  appears  to 
have  been  observed  by  Hering.'^ 

'•  Experimental  Psychology,  Part  I,  2nd  Ed.,  p.  270. 

'*  Sherrington.   Integrative  Action  of  the  Nervous  S\-stcm,  p.  375. 
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The  Fechner  effect,  as  Myers  points  out,  is  not  of  the  same  mag- 
nitude with  all  ratios  of  intensities  of  the  binocular  components.  The 
persistency  curves,  which  have  been  discussed,  indicate  quite  character- 
istic differences  in  the  results  of  (3,  y,  8  and  e  stimulation.  There  can  be 
very  little  doubt  that  these  dift'erences  are  sufficient  to  account  for  all 
variations  in  the  magnitude  of  the  Fechner  effect. 

Should  the  darker  component  be  viewed  first  its  depressing  effect 
upon  the  other  eye  will  immediately  result,  and  in  consequence  the 
bright  field  at  the  very  first  glance  will  be  seen  at  the  lowered  intensity. 
It  is  probably  incorrect,  therefore,  to  say  that  the  Fechner  effect  is 
absent  when  the  procedure  is  reversed ;  it  is  present,  but  the  depression 
of  sensitiveness  having  already  occurred  before  the  bright  field  is 
viewed,  the  change  of  the  intensity  from  one  brightness  to  another 
cannot  be  observed. 

When  the  weakly  stimulated  area  is  very  small  it  is  evidently  unable 
to  counteract  the  enhancing  influence  of  the  brighter  light  on  a  larger 
area.  This  probably  explains  why  the  Fechner  effect  is  not  observed 
under  these  conditions. 

It  seems  not  unlikely  that  under  proper  conditions  the  sudden  ad- 
mission of  the  brighter  component  into  one  eye  would  raise  the  intensity 
of  the  darker  in  the  other,  and  so  produce  a  reversed  Fechner  effect. 

It  also  appears  improbable  that  the  Fechner  effect  should  exist  with 
two  fields  each  of  which  is  illuminated  with  either  white  light 
or  colors  of  a  intensity,  unless  different  intensities  produced  de- 
pressions of  different  magnitudes. 

It  seems  quite  evident  that  the  binocular  brightness  of  uniocular 
components  will  be  complicated  by  the  fact  that  /3,  y,  d  and  e  intensities 
have  individual  characteristics  which  differ  from  each  other.  When 
white  light  is  used  the  resultant  efl'ect  of  many  simultaneous  mono- 
chromatic influences  is  at  present  impossible  to  predict. 

Sherrington^^  has  elaborately  investigated  the  binocular  perception 
of  white  Hght  under  different  conditions.  The  researches  of  the  writer, 
however,  have  been  so  largely  confined  to  colors  that  they  do  not  afford 
an  adequate  basis  for  a  discussion  of  the  somewhat  intricate  results 
obtained  with  white  light. 

This  investigation  of  the  causes  of  the  Fechner  effect  shows  that 
it  is  due  to  the  reciprocal  actions  of  unequal  stimuli  upon  corresponding 
retinal  areas  of  the  two  eyes;  or,  as  suggested  above,  upon  contiguous 

"  Loc.  cit.,p.  371,sqq. 
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retinal  areas  in  one  eye.  This  is  precisely  what  the  writer  has  found  to 
occur  in  simultaneous  contrast.-"  It  clearly  follows,  therefore,  that  the 
Fechner  elTect  or  paradox  is  merely  a  special  case  of  simultaneous 
binocular  luminosity  contra.st,  in  which  one  component  is  of  low 
intensity,  viewed  under  conditions  which  enable  the  contrast  darkening 
process  to  be  observed. 

Phenomena  exactly  like  ihc  depressing  effect  of  a  intensity  stimula- 
tion have  been  obtained  by  the  writer  and  Miss  Weinberg-'  in  the  sense 
of  taste.  For  in  researches  on  that  sense  by  analogous  methods,  similar 
Porter  graphs  consisting  of  three  branches  were  found  which  conformed 
to  the  equation: 

\/D=  -k  \og  Q-hC 

where  Q  is  the  quantity  of  the  gustatory  stimulus;  whereas  in  vision 
the  equation  of  the  Porter  graphs  is 

\/D  =  k\ogI  +  C. 

When  a  weak  solution  of  sugar  was  i)laced  on  one  side  of  the  tongue, 
the  gustatory  receptors  on  the  other  side  were  depressed  in  sensitive- 
ness; but  when  the  solution  was  strong  enhancement  occurred. 

Tn  touch,  Allen  and  Hollenbcrg-  have  shown  that  precisely  the 
opposite  elTect  occurred.  In  this  sense  similar  measurements  gave  the 
equation: 

D=-k\ogP  +  C 

where  P  is  the  intensity  of  the  tactile  stimulus. 

In  audition-^  an  equation  similar  to  this  was  found  to  hold: 

Z>  =  /.  logi^  +  C 

where  P  is  the  intensity  of  the  sound  employed. 

From  this  it  is  inferred  that  in  the  latter  two  sensory  actions  weak 
stimuli  would  have  an  enhancing  inlluence  upon  the  receptors,  and 
strong  a  depressing  effect.  The  former  has  been  verified  in  touch,  but 
not  yet  in  sound;  the  latter  occurs  in  both. 

It  would  ai>pear  to  be  generally  true,  therefore,  that  in  those  senses 
in  which  the  Porter  graphs  require  the  reciprocal  of  1),  the  Fechner 
elTect  occurs;  hut  where  the  graphs  involve  I)  directly,  the  Fechner 
elTect  is  revcrsetl. 

-"  J.O.S..\.  &R.S.I.,7,p.9L?;192.?. 

"  The  r.ustator)'  Sen.<«)ry  Rclkx.  Quar.  Jour.  Kxp.  rli\-siol.,  15,  p.  .V'<5;  1925. 
"  The  Tactile  Scnson-  Rctlc.x,  Quar.  Jour.  Exp.  Physiol.,  J-t,  p.  351;  1924     ^'       '^,  p.  377; 
1925. 

"  On  the  Critical  Frequency  of  Pulsation  of  Tones,  Phil.  Mag.,  47,  p.  941;  1924. 
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From  the  experimental  evidence  given  above  there  seems  to  be  no 
doubt  that  the  Fechner  effect  will  occur  with  monochromatic  colors. 
In  these  cases  not  only  would  the  darkening  effect  occur,  but  very 
probably  it  would  be  accompanied  by  a  change  in  hue  the  precise 
nature  of  which  would  depend  upon  what  sensations  were  predomi- 
nantly affected.  It  is  quite  possible  that  the  changes  would  not  follow 
the  same  tendency  as  is  found  when  colors  are  of  enhancing  intensities. 

In  a  previous  investigation  on  the  cause  of  color  contrastj^"*  the 
reciprocal  influence  of  stimulated  retinal  areas  upon  each  other  was 
measured.  The  results  generally  were  in  harmony  with  what  had  been 
found  by  many  observers.  In  this  paper  it  has  been  show^n  that  certain 
differences  in  their  effects  occur  when  the  intensities  of  retinal  stimuli 
vary  from  one  branch  of  the  Porter  graphs  to  another.  In  general  the 
enhancement,  and  perhaps  the  depression,  occurs  predominantly  in 
the  sensations  complementary  to  the  color  of  the  stimulus.  It  is 
apparent,  however,  that  a  minute  study  of  contrast  will  show  variations 
in  the  phenomena  observed  which  will  be  dependent  upon  the  intensity 
of  the  colors,  upon  their  equilibrium  character  throughout,  or  upon 
their  equilibrium  intensities. 

THE  PURKINJE  EFFECT 

It  has  been  found  by  Haycraft"  and  by  Ives^^  with  the  critical 
frequency  method,  that  a  pronounced  shifting  of  the  brightest  point 
of  the  spectrum  towards  the  green  occurred  at  low  intensities.  This  is 
the  Purkinje  effect.  Ives  investigated  it  with  reference  to  the  Porter 
graphs,  and  found  that  the  Purkinje  effect  was  exhibited  by  the 
spectrum  when  its  intensity  was  below  the  'first  inflexion  point,  i.e.,  of 
a  intensity;  while  for  intensities  above,  a  reversed  Purkinje  effect  was 
observed.  It  is  therefore  evident  that  the  effect  in  question  is  a  char- 
acteristic of  the  a  intensity  spectrum.  It  follows  that  neither  the 
Purkinje  effect  nor  the  reverse  will  occur  at  an  intensity  equal  to  the 
first  inflexion  point.  With  w^hite  Hght  Porter  found  this  point  at  an 
intensity  of  0.25  meter-candle;  with  colors  no  photometric  measure- 
ments of  it  are  yet  available. 

The  explanation  of  this  phenomenon  is  probably  not  to  be  found 
in  the  change  from  cone  to  rod  vision.  It  seems  more  likely  that  at  low 
intensities  the  green  sensation  is  more  isolated  from  the  red  than  at 


2^  J.O.S.A.  &  R.S.I.,  7,  p.  913;  1923. 
25  Jour,  of  Physiol.,  21,  p.  126;  1897. 
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high.  It  is  no  doubt  significant  in  this  connection  that  the  point  of 
coincidence  of  the  persistency  curves  with  the  normal  is  about  .59/i 
for  a  intensity  stimuhition, whereas  at  high  intensities,  it  is  about  .65/i. 
It  is  noteworthy  that  Maxwell  found  the  transition  point  between  red 
and  green  to  be  at  .584/i,  and  liurch  at  .57.V- 

In  this  connection  it  may  again  be  pointed  out  that  all  the  I*orter 
graphs  and  persistency  curves  described  in  this  paper  were  obtained 
with  the  central  i)art  of  the  retina,  where  rods  are  not  to  be  found  or 
are  fewer  in  number  than  the  cones.  In  the  fovea  itself,  which  contains 
only  cones,  the  Purkinje  elTcct  is  either  entirely  absent  or  is  very  small. 
The  present  experiments  therefore  seem  to  be  in  opposition  to  the  view 
that  the  Purkinje  elTect  is  due  to  dilTerences  between  rod  and  cone 
vision. 

Kcinig'-^  has  obtained  normal  luminosity  curves  of  the  spectrum  for 
eight  dilTerent  intensities.  1  he  brightest  of  these  had  its  maximum 
luminosity  at  the  wave  length  .610/i  and  the  lowest  at  .535/i.  As  the 
brightest  point  is  usually  found  at  about  .59(V.  Konig's  observations 
show  tlie  Purkinje  effect  and  its  reverse  for  steady  light. 

If  a  dim  spectrum — brighter  than  a  intensity— is  viewed  when 
flickering,  the  Purkinje  eflect  is  reversed  and  the  brightest  point  is 
moved  towards  the  red.  This  may  be  accounted  for  by  the  greater 
rapidity  with  which  the  reii  sensation  is  aroused  compared  with  the 
green,  and  also,  and  perhaps  most  of  all,  by  the  greater  development 
of  the  rcllex  enhancement  of  the  red  sensation.  This  is  indicated  by 
measurements  of  the  initial  ovcrshot)ting  of  the  sensations  as  shown  by 
the  curves  of  Broca  and  Sulzer.^*  In  all  their  curves  the  red  sensation 
reaches  a  greater  maximum  than  the  green,  the  overshooting  of  the 
red  sometimes  being  double  its  normal  brightness,  while  tlic  green  never 
exceeds  its  normal  value.  In  a  llickering  spectrum,  therefore,  the  red 
sensation  will  pretlominate  causing  the  brightest  point  to  nu)\e  in  its 
direction. 

When  the  spectrum  is  of  a  intensity,  the  Purkinje  effect  is  found  with 
a  flickering  light.  This  can  be  cxi)lained  by  assuming,  in  the  absence  of 
measurements,  that  below  the  lirst  intlcxion  point  the  green  sensation 
develops  a  greater  maximum  than  the  red,  and  perhaps  in  a  shorter 
time.  If  this  is  the  case,  then  at  the  critical  intensity  of  the  first  in- 
flexion point  the  brightest  point  will  not  be  moved  in  either  direction 
in  a  llickering  spectrum. 

"  Gesanmiclte  Abhandlungcn.p.  109.  Also,  Parsons,  loc.  cit.,  p.  49. 
»  Comp.  Rend.,  2,  p.  1046;  190o.  Mso,  Parsons,  loc.  cit.,  p.  96. 


420  Frank  Allen  [J.O.S.A.  &  R.S.I.,  13 

The  treatment  of  the  Purkinje  phenomenon  has  been  naturally  but 
quite  needlessly  complicated.  This  has  been  brought  about  by  the 
custom  of  regarding  a  moderately  bright  spectrum  as  a  standard  with 
which  very  dim  and  very  intense  spectra  must  be  compared.  Hence  we 
have  the  Purkinje  effect  and  the  reversed  Purkinje  effect  under 
various  conditions. 

This  is  quite  analogous  to  the  practice  of  locating  a  convenient  inter- 
mediate zero  point  on  the  thermometric  scale  at  the  melting  point  of 
ice,  which  renders  plus  and  minus  readings  necessary.  The  incon- 
venience is  at  once  obviated  by  choosing  an  absolute  zero  at  the  lowest 
possible  temperature. 

Similarly  if  a  very  dim  spectrum  of  a  intensity  is  chosen  as  the 
standard,  the  brightest  point  will  then  be  in  the  green.  The  three 
fundamental  sensations  are  all  gently  stimulated,  and  for  some  reason 
the  green  appears  to  consciousness  the  brightest.  As  the  light  becomes 
more  intense  the  response  of  the  sensations  increases,  and  as  the  red 
has  a  more  luminous  effect  than  the  violet,  its  influence  becomes 
disproportionately  greater,  with  the  result  that  the  brightest  point 
must  lie  at  some  point  between  the  red  and  green,  as  is  commonly 
observed.  On  this  account  the  brightest  point  may  shift  from  .535^t  to 
610/i  as  Konig  observed. 

THE  VISUAL  RECEPTOR  PROCESS 

The  general  problem  of  color  vision  may  be  divided  into  five  parts. 
First,  the  nature  and  properties  of  the  physical  stimulus;  second,  the 
nature  of  the  retinal  visual  receptors  and  of  the  process  by  which  light 
is  transformed  into  nervous  impulses;  third,  the  arrangement  and 
functions  of  the  nerves  connecting  the  retina  with  the  cortex;  fourth, 
the  nature  and  functions  of  the  connections  between  the  nerves  and 
the  visual  centers  of  the  cortex;  fifth,  the  origin  and  nature  of  the 
sensations  of  color. 

The  researches  of  the  writer  have  been  concerned  with  the  third 
part  of  the  problem,  and  particularly  with  the  efferent  nerves  and  their 
important  functions.  These  have  been  elaborated  to  a  very  considerable 
degree,  and  from  them  something  may  now  be  inferred  regarding  the 
receptor  and  sensation  processes  constituting  the  second  and  fourth 
parts  of  the  problem. 

The  new  experiments  described  in  this  paper  show  that  at  least  seven 
characteristic  effects  are  caused  in  the  receptors  by  a  single  color  stim- 
ulus. First,  it  affects  the  perception  of  the  spectrum  in  three  parts,  red, 


October,  1926]      Variation  of  Visual  Reflex  Action  421 

green  and  viulct;  second,  low  intensity  of  stimulation  depresses  the 
sensitiveness  of  the  receptors  of  the  same  three  colors;  third,  medium 
intensity  of  stimulation  causes  enhancement  of  the  receptors  of  the 
same  three  colors;  fourth,  higher  intensity  of  stimulation  causes  en- 
hancement of  the  one  or  of  the  two  sensations  directly  concerned,  and 
depression  of  the  remainder;  fifth,  still  higher  intensity  of  stimulation 
causes  depression  of  the  one  or  two  sensations  corresponding  to  the 
color  1)1  the  stimulus,  and  enhancement  of  the  complementary  re- 
mainder; sixth,  certain  intensities  of  stimulation  have  ecjuilibrium 
characteristics;  seventh,  stimulation  of  an  area  of  one  retina  or  of  one 
eye  causes  depression  or  enhancement  of  the  sensitiveness  of  adjoining 
areas  or  of  the  other  eye. 

A  great  variety  ofl  receptor  actions  has  been  assumed  by  various 
theorists,  only  a  few  of  the  more  important  of  which  need  be  considered 
here.  Hering's  hypothesis  postulates  the  existence  of  three  retinal 
j)hotochemical  substances,  two  of  which  are  inlluenced  by  two  pairs  of 
complementary  colors,  red-green,  yellow-blue,  and  a  third  by  white- 
black.  Two  opposite  types  of  action,  dissimilation  and  assimilation  of 
the  substances  are  caused  by  the  first  color  in  each  pair  and  by  the 
second  respectively.  Wliile  Hering  assumed  the  reciprocal  action  of 
retinal  areas  on  each  other,  no  suggestion  as  to  how  this  was  accom- 
plished was  given  by  him,  and  the  binocular  actions  were  ignored. 
With  this  type  of  receptor  constitution  not  one  of  the  seven  experi- 
mentally determined  results  of  stimulation  conforms. 

Mrs.  Ladd-Franklin  has  devised  probably  the  most  detailed  receptor 
action  of  all,  by  her  assumption  of  the  existence  in  the  retina  of  a  light 
sensitive  molecule  which  on  dissociation  by  light  gives  of!  first  a 
cleavage-product  which  in  turn  gives  rise  to  a  white  sensation  in  the 
cortex.  The  remainder  of  the  molecule  thereby  becomes  capable  of 
giving  off  two  subsidiary  cleavage-products  for  yellow  and  blue.  The 
yellow  is  now  susceptible  of  subdivision  into  two  further  products, 
which  are  capable  of  exciting  the  red  and  green  sensations. 

On  comparing  the  seven  characteristics  of  stimulation  with  the 
assumptions  of  this  hypothesis  there  seems  to  be  no  agreement  between 
them;  nor  docs  it  seem  possible  to  make  so  mechanical  a  receptor 
process  conform  to  them.  The  "light-molecule"  is  in  a  manner  so 
detached  from  the  nerves  that  nervous  impulses  of  a  reflex  character 
cannot  influence  its  clcavability,  especially  in  such  diverse  forms  as 
experimental  results  require. 
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Edridge-Green's  hypothesis  has  one  great  virtue  in  that  it  does  not 
deal  with  hypothetical  substances,  but  attempts  to  assign  a  function 
to  the  visual  purple.  This  rod  pigment  is  assumed  to  sensitize  the  cones 
which  are  the  real  percipient  elements  of  vision,  as  far  as  the  retina  is 
concerned.  The  action  of  light  is  considered  to  be  photographic  in 
character.  The  hypothesis  as  a  whole  is  non-elemental,  but  a  sub- 
sidiary action  is  provided  to  bring  it  into  conformity  with  the  facts  of 
trichromasy. 

As  far  as  the  writer  is  aware  there  is  nothing  in  the  photographic 
process  comparable  to  the  peculiar  enhancing  and  depressing  effects 
which  have  been  found  to  be  characteristic  of  color  vision.  Nor  does  it 
seem  possible  to  harmonize  the  type  of  receptor  activity  assumed  by 
this  hypothesis  with  the  seven  characteristics  outlined  above. 

The  various  photochemical  and  photoelectric  hypotheses  seem  gener- 
ally to  be  incapable  of  conforming  to  the  seven  visual  characteristics. 
Though  no  assumptions  regarding  receptor  actions  are  at  present 
acceptable,  the  writer  finds  himself  also  unable  to  suggest  one.  The 
conditions  that  have  to  be  met  are,  however,  clear.  The  receptor 
process  must  be  in  such  close  and  vital  union  with  the  visual  nerves 
that  the  complicated  states  of  sensitivity  may  be  subject  to  the  most 
immediate  and  delicate  control  of  the  efferent  nervous  system.  Further- 
more, as  in  such  diverse  senses  as  touch  and  taste  the  same  phenomena 
of  depression  and  enhancement  occur,  which  in  the  latter  are  as  com- 
plicated as  in  vision,  and  as  their  response  follows  practically  the  same 
mathematical  law,  the  visual  receptor  process  must  have  some  char- 
acteristics in  common  with  them.  Such  a  process  does  not  appear  even 
to  have  been  imagined ;  and  it  is  possible  that  some  distinctive  receptor 
action  sui  generis  has  yet  to  be  discovered  before  a  satisfactory  solution 
of  the  initial  process  of  vision  can  be  found.  It  may  be  the  case 
that  the  original  hypothesis  of  "three  sets  of  nerves"  is  closer  to  the 
truth  than  all  the  more  definitely  elaborated  mechanisms  which  have 
been  devised  to  replace  them. 

THE  WEBER-FECHNER  LAW 

It  has  always  been  believed,  until  the  writer  has  demonstrated  the 
contrary,  that  the  only  effect  of  stimulation  of  a  sensory  receptor  was 
to  generate  an  afferent  nervous  impulse  which  ascended  to  the  cortex 
and  there  caused  a  sensation.  Upon  this  belief  the  Weber-Fechner  law 
was  formulated. 
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Following;;  Parsons'*  it  may  be  thus  stated:  "If  S  is  the  measure  of 
sensation  and  6S  the  just  appreciable  dilTerence,  /  the  measure  of  the 
stimulus  and  6/  a  small  increment,  then^ 

8s=k6r/r 

(Weber's  law),  where  ^  is  a  constant;  therefore,  on  the  questionable 
assumption  that  it  is  permissible  to  integrate  small  hnite  quantities, 

rJI 
S=k  I -k  log  I+C  (Fechner's  Law) 

where  C  is  another  constant." 
Porter's  equation 

I/D=k\o^I+C 

which  is  very  similar  to  Fechner's,  has  been  derived  independently  by 
Peddie.^° 

If  D,  the  duration  of  a  flash  of  light  at  the  critical  frequency  of 
flicker,  is  a  measure  of  the  sensation,  as  seems  j)rubable,  then  Porter's 
and  Fechner's  equations  are  identical. 

It  has  been  found,  when  put  to  the  test  of  measurement,  that  Fech- 
ner's law  holds  only  through  a  limited  range  of  medium  intensities, 
breaking  down  with  both  liigh  and  low  stimulation.  From  the  experi- 
mental results  discussed  above,  the  conclusions  are  justified  that  the 
sensitiveness  of  the  visual  receptors  is  under  the  control  of  the  elTerent 
nervous  system,  and  that  sensations  are  modified  by  the  sensitiveness 
of  the  receptors.  Fechner's  law  must  therefore  in  reality  express  the 
result  of  both  afferent  and  etTerent  nervous  actions,  instead  of  the 
alTerent  alone.  It  has  just  been  shown  that  the  ratio  of  enhancing  and 
deprcs.^ing  elTects  varies  from  one  branch  of  the  Porter  graphs  to 
another,  and  also  that  Porter's  equation  holds  for  each  branch  with 
changes  in  the  values  of  the  constants.  The  conclusion  therefore  seems 
clear  that  in  the  case  of  visual  perceptions  Fechner's  law  is  accurately 
followed  from  extremely  low  to  extremely  high  intensities  of  stimula- 
tion. 

In  the  investigations,  to  which  reference  has  been  made,  on  the 
senses  of  touch  and  taste.  Porter  graphs  of  three  branches,  and  in  the 
case  of  audition,  of  two  branches,  were  also  obtained,  to  whirh  nearly 

»  Colour  Vision,  2nd  Ed.,  p.  23. 
"  Color  \'ision,  p.  162. 
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the  same  form  of  equation  applied.  In  these  senses  also  Fechner's  law 
accurately  holds  from  very  low  to,  at  least,  moderately  high  stimulation. 
The  reason  why  it  has  been  concluded  that  Fechner's  law  is  valid 
only  for  medium  intensities  is  probably  because  it  has  been  attempted 
to  make  a  single  pair  of  numerical  values  of  the  constants  suffice, 
whereas  from  two  to  five  pairs  are  necessary  in  the  four  sensoria  studied. 

EQUILIBRIUM  EFFECTS 

In  former  investigations,  when  the  eye  was  stimulated  with  very 
bright  colors  from  an  arc-light  spectrum,  six  colors  were  found  that 
caused  neither  enhancement  nor  depression  of  sensitiveness  of  the 
receptors.  These  were  .660/x,  .572/i,  .520ju,  .505/i,  .480ju,  and  A25fx. 
They  were  found  to  occur  at  or  near  the  points  of  intersection  or  the 
ends  of  the  Konig  and  the  Abney  sensation  curves.  In  the  experiments 
described  above,  the  spectral  colors  were  all  of  much  lower  intensities 
than  Konig  and  Abney  employed.  Only  two  of  the  seventeen  colors 
used  were  found  to  give  equilibrum  effects  at  all  intensities,  which 
were  .570/i  and  .505jLt.  In  addition  every  color  is  equilibrium  in  char- 
acter at  the  first  and  fourth  inflexion  points.  These  results  probably 
explain  the  statement  of  Emerson  and  Martin,^^  who  have  found  in 
their  experiments  that  all  colors  at  some  intensities  give  equilibrium 
effects.  This  suggests  that  the  sensation  curves  of  Konig  and  of  Abney, 
which  were  obtained  with  sun  light  and  arc-light  respectively,  do  not 
correctly  represent  the  sensations  at  medium  and  low  intensities.  The 
desirabihty  of  determining  the  sensation  curves  for  several  ranges  of 
intensities  is  therefore  apparent. 

In  former  papers  it  was  suggested  that  equiHbrium  effects  were  due 
to  equality  of  the  direct  and  reflex  actions  of  colors.  The  experiments 
which  have  now  been  described  indicate  that  two  sets  of  efferent  im- 
pulses are  operating  in  the  visual  apparatus,  and  that  the  equilibrium 
is  between  the  enhancing  and  depressing  influences,  which  counter- 
balance each  other  and  thereby  maintain  the  sensitiveness  of  the 
receptors  constant. 

INVARIABLE  COLORS 

When  colors  are  changed  in  intensity  they  generally  vary  to  some 
degree  in  saturation  and  hue  as  well.  Changes  of  this  character  may 
also  take  place  upon  prolonged  fixation,  with  no  change  of  intensity. 

It  is  known  that  every  color  excites  the  three  primary  sensations  in 

31  Proc.  Roy.  Soc.  A.,  108,  p.  500;  1925. 
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unequal  amounts,  and  that  equal  stimulation"  results  in  the  production 
of  white.  The  changes  in  saturation  and  hue  are  therefore  readily 
explained  as  due  to  variations  of  the  relative  sensitivities  of  the  sen- 
sations caused  by  the  sensory  reflex  actions  accompanying  stimulation, 
which  thereby  produce  changes  in  the  relative  amounts  of  excitation 
by  direct  action  of  the  color.  If,  however,  the  color  stimulus  evokes 
enhancing  and  dej)ressing  reflex  impulses  in  equal  amounts,  i.e.,  if  it 
is  an  equilibrium  color,  the  degree  of  excitation  of  the  sensations 
preserves  the  same  ratio.  The  saturation,  therefore,  may  change,  but 
the  hue  will  remain  invariable. 

It  has  been  found  that  two  colors  at  least.  .505pi  and  .57(V  or  some 
hues  very  close  to  these,  are  etiuiliJjrium  in  character.  Hence  these 
should  not  vary  in  hue  when  the  inten.sity  rises  from  the  lowest  to  the 
highest  values. 

In  regard  to  these  phenomena,  Myers"  may  be  quoted:  "It  might 
be  expected  that  the  hue  of  a  colour  stimulus  would  become  more 
intense,  the  greater  the  intensity  of  the  stimulus.  But,  beyond  a  certain 
limit,  further  increase  of  the  intensity  of  the  stimulus  causes  the  cor- 
responding colour  sensation  to  pass  over  gradually  into  a  colourless 
sensation.  Indeed,  any  colour  stimulus,  if  sufl'iciently  intense,  is  seen 
as  white.  Intense  spectral  reds  and  orange,  and  greens  up  to  a  wave 
length  of  .517^1,  acquire  a  yellow  hue  before  they  in  lliis  way  become 
colourless.  A  green,  of  a  somewhat  shorter  wave  length  than  .517/i, 
can  be  found,  which  passes  over  into  white  without  change  of  cok>ur 
tone.  Intense  colour  stimuli,  of  still  shorter  wave  length,  become  blue 
before  they  become  colourless." 

Now  the  cquilil)rium  color  .5()5^i  is  a  green  of  somewhat  shorter  wave 
length  than  .517/i  and  may  be  identifxd  as  the  invariable  color  in 
question.  Its  equilibrium  character  is  therefore  most  probably  the 
cause  of  its  invariability  in  hue.  As  the  colors  of  longer  wave  length 
than  .517/i  pass  through  yellow  in  their  progress  to  white,  it  follows 
that  there  is  a  yellow  color  which  is  itself  an  invariable  hue.  The 
equilibrium  color  near  .570/Li  may  therefore  have  the  property  of  in- 
variability. 

Since,  as  Myers  states,  colors  of  shorter  wave  length  than  the 
invariable  green  become  blue  before  passing  over  into  white;  another 
equilibrium  color  may  exist  in  the  blue.     The  Porter  graphs  do  not 

"  Abncy.  Researches  in  Colour  N'ision,  p.  2M. 

"  Experimental  PsvchologA-,  2nd  Ed.,' Part  1.  p.  73. 
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include  any  such  equilibrium  color  in  the  blue;  but  there  is  abundant 
room  for  one  to  exist,  as  a  reference  to  Fig.  6  will  show. 

It  has  also  been  shown  that  four  colors  preserve  their  hue  invariable 
when  passing  from  central  to  peripheral  vision.  On  this  account  they 
have  been  assumed  by  Hering  to  be  the  four  fundamental  color  sen- 
sations required  by  his  theory.  They  are,  a  purplish-red  (non-spectral), 
a  yellow  (about  .570/i),  a  bluish-green  (about  .490/x),  and  a  blue  (about 
.460m). 3* 

The  invariable  yellow  evidently  coincides  with  the  yellow  equilibrium 
color  of  the  writer.  The  hue,  .490^,  is  not  far  from  the  equilibrium 
color  .505jLi.  In  this  connection  it  may  be  noted  that  the  Hering  in- 
variable colors  have  never  been  determined  with  exact  spectral  hues 
but  with  colored  papers  and  gelatine  filters.  The  disagreement  in 
consequence  may  not  be  significant.  It  is  possible  also  that  a  blue 
between  the  wave  lengths  .480^  and  .450/i  may  have  equilibrium 
properties,  though  the  writer  has  not  yet  examined  this  region.  How- 
ever, at  high  intensities  the  wave  length  .480ju  is  an  equilibrium  color. 

It  may  also  be  noted  that  the  wave  length  .500^  was  found  by  both 
Maxwell  and  Burch  to  be  the  transition  point  between  green  and  blue. 

It  may  also  be  remarked  here  that  the  two  equilibrium  colors,  .570^ 
and  .SOSfjL,  are  practically  the  boundaries  of  the  central  portion  of  the 
spectrum  for  which  there  are  no  single  complementary  colors  in  the 
spectrum. 

THE  SELF  LIGHT  OF  THE  RETINA  AND  THE  SENSATION  PROCESS 

In  a  former  paper^^  on  the  self  light  of  the  retina,  the  writer  en- 
deavored to  connect  its  admittedly  central  origin  from  endogenous 
stimuli^^  with  discharges  in  the  efferent  portion  of  the  reflex  arc.  At 
that  time  only  the  enhancing  action  was  known,  and  the  intrinsic  light 
was  therefore  identified  with  it. 

Recently  Emerson  and  Martin"  have  pointed  out  that  the  association 
of  the  self  light  with  enhancing  impulses  is  quite  the  reverse  of  the  view 
of  Helmholtz,  in  whose  mathematical  theory  the  self  light  reduces  the 
sensation  brightness.  They  further  intimate  that  the  writer  has  gone 
"farther  than  the  results  of  his  experiments  justify,  by  assuming  that 
the  reflex  effect  also  consists  of  an  actual  stimulation  of  the  receptor 

*•  Parsons,  loc.  cit.,  p.  75. 

^  J.O.S.A.  &  R.S.I.,  8,  p.  275;  1924. 

^  Parsons,  loc.  cit.,  p.  116. 

"  Proc.  Roy.  Soc.  A.,  108,  p.  497;  1925. 
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elements  besides  an  enhancement  of  their  sensitiveness  to  light,  or 
that  the  mathematical  "self  light"  of  Helmholtz  is  not  to  be  identified 
with  the  visual  appearance  which  usually  goes  under  the  name." 

The  [)resent  experiments  on  the  production  of  reflex  effects  by  a 
intcn>ity  stimulation  show  that  depression  of  sensitiveness  is  a  char- 
acteristic of  stimulation  of  low  intensity,  and  that  it  results  from  reflex 
action,  as  the  binocular  exi)eriments  prove.  The  self  light  is  usually 
of  extremely  low  intensity,  and  this  may  indicate  its  origin  to  be  not 
in  the  enhancing  but  in  the  depressing  reflex  impulses,  thus  bringing 
it  into  conformity  with  Helmholtz's  theory.  '1  his  is  much  to  be  desired 
if  only  to  prevent  the  pos.sibility  of  two  forms  of  self  light  from  com- 
plicating \'isual  theory. 

The  association  of  sensations  with  efferent  nervous  impulses  involves 
some  obWous  difl'icultics.  That  these  impulses  control  the  sensitiveness 
of  the  retinal  receptors  is  clear,  but  the  assumption  that  they  can  also 
arouse  sensations  requires  more  definite  evidence  than  is  at  present 
available.  If  they  do  excite  sensations,  it  must  be  either  by  means  of 
the  retinal  receptors  or  by  some  action  in  the  junctions  of  the  afferent 
and  elfercnt  nerves  in  the  cells  of  the  cortex. 

The  latter  supposition  may  be  considered  somewhat  as  follows. 
The  afferent  impulses  upon  reaching  their  terminals  in  the  cortex  arouse 
sensations,  and  simultaneously  evoke  the  two  kinds  of  efferent  im- 
pulses which  are  conducted  to  the  receptors.  Tliis  action  would  involve 
a  transfer  of  energ}'  from  the  cortical  cells  to  the  efferent  nerves, 
accompanied  probably  by  some  form  of  reaction  which  would  alfcct 
consciousness  as  a  sensation.  In  this  way  the  negative  after-images 
at  least,  and  the  self  light  of  the  retina,  which  are  believed  to  be  of 
central  origin,  might  be  accounted  for,  the  former  perhaps  by  reactions 
from  enhancing  impulses  and  the  latter  from  the  depressing.  Possibly, 
indeed,  sensatjons  of  all  kinds  may  be  due  to  the  energy  reactions 
occurring  at  the  synaptic  junctions  of  the  nerves  in  the  cells  of  the 
cortex. 

As  nervous  discharges  when  once  started  may  continue  to  flow  in  the 
elfercnt  nerves  for  a  considerable  time  after  the  initial  afferent  impulse 
has  subsided,  the  after-images  and  the  self  light  may  likewise  be  seen 
for  even  long  periods,  projected  as  it  were  against  the  area  of  the  retina 
in  which  the  active  nerves  terminate. 

THE  DITLICITV  TUKdRV 

The  duplicity  theory  of  von  Kries  assumes  the  cones  to  be  the  retinal 
organs  of  photopic  and  the  rods  of  scotopic  vision.    In  support  of  the 
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theory  many  facts  of  vision  have  been  adduced  which  have  been 
summarized  by  Parsons^^  and  also  by  Nagel.^^ 

The  change  in  slope  of  the  Porter  graphs  when  only  two  branches 
were  known  has  been  considered  to  be  strongly  confirmatory  of  the 
theory,  the  a  branch  being  due  to  rod  vision  and  the  /3  branch  to  cone.  • 

In  the  writer's  experiments  all  branches  of  the  Porter  graphs  were 
obtained  on  the  same  central  area  of  the  retina  where  rods  are  fewest 
in  number  or  are  altogether  absent,  the  flickering  at  the  point  of 
fixation  being  specially  noted.  The  presence  of  a  branches  in  the  graphs 
obtained  under  these  conditions  is  therefore  quite  adverse  to  the  theory. 

The  larger  number  of  branches  of  the  Porter  graphs  and  their 
identification  with  enhancing  and  depressing  reflex  actions  seem  to 
remove  the  graphs  completely  from  their  support  of  the  Duplicity 
theory.  The  rise  of  the  depressing  nervous  impulses  to  predominance 
over  the  enhancing  when  the  brightness  of  the  light  falls  through  the 
first  inflexion  point  to  a  intensity,  shows  that  the  reflex  depressing 
actions  are  quite  sufficient  to  account  for  the  peculiarities  of  the  Porter 
graphs,  and  suggests  that  the  facts  of  scotopic  vision  may  be  explained 
without  the  necessity  of  an  additional  theory. 

If  we  assume  that  at  very  low  intensities  every  stimulus  excites  the 
three  primary  sensations  equally,  the  achromatic  interval  of  vision 
seems  to  be  fully  explained. 

The  phenomenon  of  night  blindness  may  be  accounted  for  by  assum- 
ing that  with  light  intensities  below  the  first  inflexion  point,  the 
depressing  impulses  become  so  large  that  they  are  inhibitory  in  char- 
acter, while  the  enhancing  impulses  are  suppressed.  This  is  equivalent 
to  saying  that  the  threshold  of  vision  is  raised. 

RECIPROCAL  INNERVATION 
From  his  study  of  the  muscular  movements  of  the  body  Sherrington'^'' 
has  deduced  a  principle  of  fundamental  physiological  importance  and 
of  wide  application.  For  the  present  purposes  this  principle  may  be 
described  by  quoting  from  Hartridge*^  and  from  Bayliss.^^  xhe  former 
says:  "Sherrington  has  shown  that  in  the  case  of  muscles  there  is  what 
is  called  reciprocal  innervation.  Thus  stimulation  of  the  cortex  which 
causes  the  contraction  of  one  muscle  also  brings  about  a  corresponding 

38  Color  Vision,  2nd  Ed.,  p.  215. 

39  Helmholtz,  Physiological  Optics,  Eng.  Trans.,  2,  p.  343. 
*"  Integrative  Action  of  the  Nervous  System. 

"  Human  Physiology,  Starling,  3rd  Ed.,  p.  574. 

*2  Principles  of  General  Physiology,  3rd  Ed.,  pp.  494  and  498 
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relaxation  of  its  antagonist,  in  order  that  a  rapid  and  economical  motion 
may  take  place.  The  contraction  and  corresponding  relaxation  are 
therefore  analogous  to  the  response  of  one  part  of  the  retina,  which  is 
acctompanied  by  an  inhibition  of  the  surrounding  parts  of  the  retina 
to  nhe  same  kind  of  stimulus  (simultaneous  contrast).  In  a  similar 
mulner  the  inclination  to  extension  which  is  found  to  accompany  tht 
proonged  flexion  of  a  limb,  finds  its  analogy  in  the  phenomena  of  after 
images  and  adaptation  of  the  eye,  since  the  tendency  is  to  suppress  a 
similar  stin.ulus  in  the  part  of  the  retina  stimulated  and  to  encourage 
its  con  plementary.  The  inference  to  be  drawn  from  these  analogies 
is  that  the  after-image  and  its  allied  phenomena  are  caused  by  changes 
in  the  conducting  paths  of  \isual  impressions  which  are  similar  to  those 
fountl  to  exist  in  ])aths  belonging  to  the  motor  system.  What  the  nature 
of  these  changes  in  conducting  j)aths  may  be  is  at  the  present  time 
undecided." 

liayliss  says:  "When  there  are  two  sets  of  muscle^  acting  on  a 
movable  organ,  such  as  the  eye  or  a  part  of  a  limb,  in  such  a  way  that 
they  antagonize  one  another,  it  is  clear  that,  for  the  elTective  per- 
formance of  a  particular  rellex  movement,  any  contraction  of  the 
mu>cles  opposing  this  movement  must  be  inhibited.  Further,  the 
inhibition  of  the  one  group  must  proceed  pari  passu  with  the  excitation 
of  the  other  grouj)  to  ensure  a  well -controlled  and  steady  motion." 

"The  study  of  the  phenomenon  of  double  recii)rocal  innervation, 
as  Sherrington  jjoints  out,  shows  the  importance  of  inhibition,  not  only 
as  suppressing  excitation,  but  as  a  delicate  adjuster  of  the  intensity 
of  reflex  contraction,  a  method  which  is  probably  of  frequent  occurrence 
in  natural  movements." 

The  experimental  results  of  the  present  writer  show  that  stimulation 
of  the  cortex  evokes  the  opposing  actions  of  enhancement  and  de- 
pression of  the  receptor  sensitiveness.  This  has  been  proved  to  proceed 
from  one  eye  to  the  other,  from  one  retinal  area  to  another,  and  to  occur 
in  the  area  st  mulated.  1  he  same  phenomena  have  been  found  in  other 
senses  also.  1  In  descrijition  o{  reciprocal  innervation  just  given  \\ill 
apply  nndatis  n.nlandis  to  sensory  relle.xes  by  substituting  the  sensory 
processes  of  enhancement  and  depression  for  contraction  and  relaxation. 
The  importance  of  the  ilepres>ing  action  may  likewise  be  compared 
with  Sherrington'.^  cstin.ate  of  the  importance  of  inhibition. 

1  he  conclusion  of  the  writer  is  that  sensory  activities  are  based  upon 
the  principle  of  reciprocal  innervation,  thus  giving  that  principle  the 
widest  possible  generality  ol  action. 
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COLOR  THEORY 

The  results  of  the  present  investigation  are  fully  in  harmony  with 
the  trichromatic  theory  of  Young,  though  they  extend  the  theory 
materially  in  many  directions.  Hering,  however,  had  perceived  that 
retinal  areas  reciprocally  affected  each  other,  and  that  opponent  actions 
exist  in  the  visual  apparatus.  The  former  effect  he  could  not  account 
for,  and  the  latter  were  assumed  to  be  innate  in  the  colors  themselves. 
By  sensory  reflex  action,  it  is  now  proved,  the  retinal  areas  and  the  two 
eyes  reciprocally  influence  each  other;  and  the  opponent  actions  are 
found  in  the  opposing  processes  of  enhancement  and  depression.  These, 
however,  are  quite  harmonious  with  Young's  simpler  theory;  and 
therefore  in  some  measure  the  two  great  rival  theories  of  color  vision 
may  be  reconciled. 

Since  monocular  retinal  areas  influence  each  other  precisely  as  do  the 
binocular  retinae,  we  may  regard  the  two  eyes  as  a  single  extended 
retina  with  the  central  unnecessary  and  inconvenient  portion  eliminated. 

I  desire  to  record  my  thanks  to  the  Research  Council  of  Canada, 

with  whose  financial  assistance  this  investigation  has  been  conducted. 

Department  of  Physics, 
University  of  Manitoba, 
Winnipeg,  Canada. 
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TUF  SENSATIONS  OF  TEMPER  ATT'RE  PAIN.  AND  PRESSURE. 
By  FuANK  Allkn  ami  P.  A.  M acuonald.  From  the  Depart- 
iiK'iit  i)f  Physic-s,  UnivtTsity  of  Manitoba.  \N'iimij>eg.  (With  six 
figures  in  the  text.) 

(Received /or  publication  lyth  July  192ti.) 

In  a  series  of  eomnumieations  to  this  and  other  j(jurnals  by  Allen  and 
his  associates,  the  sensations  of  vision  (1),  sound  (2),  touch  (3),  and 
taste  (4)  have  been  studied  by  the  method  of  determining  the  critical 
frequency  of  stimulation  of  the  sen.se  organ  under  various  conditions. 
In  this  method  the  sensory  receptors  are  stimuhited  l)y  an  appropriate 
stimulus,  which  is  perioilically  interrupteti  by  a  rotating  disi.-.  The 
frc(jucncy  of  interruption  is  adjusted  to  the  {)oint  at  which  the  .<eparat<? 
impulses  become  fused  into  a  just  continuous  sensation,  which  is  termed 
the  critical  frequency  of  intcrruj)tion.  'I'his  point  can  Ix*  chrono- 
graphically  determined  with  precision  for  various  intensities  of  stimula- 
tion. The  values  of  the  tinu'  during  which  the  stimulus  acts  at  the 
critical  frequency  of  interruption,  wiicn  plotted  against  the  logarithms 
of  the  intensities  of  the  stimuli,  form  a  graph  whose  equation  is  one  of 
those  given  l)elow. 

The  investigations  carried  out  by  this  method  have  shown  most 
striking  similarities  in  the  behaviour  of  the  nervous  actions  involved  in 
the  various  senses.  Among  them  are  the  phenomena  of  depression  and 
enhancement  of  sensitivity  of  the  receptors,  and  the  reciprocal  intluence 
of  portions  of  the  sense  organ,  or  of  groups  of  receptors,  ujH)n  each  other. 
Perhaj)s  the  most  conspicuous  feature  of  the  identity  of  sensory  actions 
is  the  general  conformity  to  what  nuiy  bt>  termed  the  Porter  equation, 
since  that  investigator  discovered  it  in  his  study  of  vision. 

This  equation  takes  slightly  dillerent  forms  in  th'-  ^  trious  senses, 
whii-h  are  as  follows: 

-=il'logI-fC       (Vision) 

i=-Alog  I  -C  (Taste) 

D=il-logI+C       (Sound) 
D=-A-  log  I-fC  (Touch). 
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In  these  equations  D  is  the  time  during  which  the  stimulus  acts  at 
the  critical  frequency  of  interruption,  I  is  the  intensity  of  the  stimulus 
employed,  and  k,  which  may  be  positive  or  negative,  and  C  are  con- 
stants which  depend  on  the  nature  of  the  sense  and  the  mode  of  stimula- 
tion. It  is  significant  that  these  equations  comprise  Weber's  and 
Fechner's  laws. 

The  uniformity  found  to  exist  in  the  four  senses  mentioned  indicated 
the  probability  that  all  sensory  actions  followed  the  same  laws.  On 
this  account  it  seemed  desirable  to  investigate  the  various  cutaneous 
sensations,  and  in  this  communication  are  given  the  results  of  brief 
studies  chiefly  of  the  sensations  of  temperature  and  pain  by  the  same 
general  method.  In  carrying  out  this  work  unexpected  difficulties  were 
encountered,  and  the  results  therefore  are  not  so  extensive  as  those 
previously  obtained  with  the  other  senses. 

The  Temperature  Sense. 

In  the  first  attempts  to  investigate  the  temperature  sense  a  jet  of 
air  was  used  which  was  heated  to  any  desired  degree  by  passing  it,  at 
one  time,  through  a  long  coil  of  copper  tubing  immersed  in  a  water- 
bath,  and,  at  another  time,  by  electric  heating,  and  then  directed  upon 
one  of  the  lips  a  few  millimetres  away.  The  stream  of  air  rendered 
intermittent  by  the  rotating  disc  was  kept  at  a  very  low  pressure,  so  that 
the  temperature  effect  might  be  distinguished  from  the  pressure  varia- 
tions and  the  attention  concentrated  upon  the  former.  The  sensation 
of  warmth  was  readily  evoked,  but  even  an  air  temperature  as  high 
as  80°  C.  failed  to  yield  a  flickering  sensation  with  a  motor  speed  as 
low  as  one  revolution  per  second.  The  temperature  receptors  apparently 
are  sluggish  in  their  action,  and  do  not  seem  to  react  with  sufficient 
rapidity  to  exhibit  the  phenomena  of  critical  frequency  of  stimulation. 
A  second  attempt  to  obtain  temperature  "  flickering  "  was  made  by 
using  two  air-jets  focussed  on  the  same  spot  on  the  lip.  One  jet  was 
hot  and  the  other  cold,  and  by  using  two  sets  of  open  sectors  in  the 
same  disc  they  were  interrupted  alternately.  Even  under  these  con- 
ditions measurable  flickering  was  unobtainable.  In  this  experiment 
probably  two  different  sets  of  receptors  were  used;  and  even  if  it  had 
been  successful  it  would  not  have  been  of  much  value. 

Attention  was  then  directed  to  the  possibility  of  producing  stimula- 
tion of  the  thermal  receptors  by  an  intermittent  electric  current.  After 
various  trials  some  success  was  obtained  in  eliciting  the  sensations  of 
warmth,  cold,  pressure,  and  pain.  This  method  of  stimulation  was 
used  in  studying  the  sensations  of  taste,  but  these  were  evoked  by  the 
electrolytic  products  of  the  current  and  not  immediately  by  the  current 
itself. 

In  using  the  electric  method  upon  the  temperature  sense  it  was 
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noted  ttiat  there  is  a  definite  frequ«in  >  <.l  interruption  of  the  (stimulating 
current  ahove  which  no  senhatiijn  in  ex|x-rienced.  Kxj>eriment  showed 
tliat  this  frequency  varied  with  the  htren^th  of  the  current,  and  there- 
fore gave  pnjniise  that  a  jserieH  of  nieaHurenients  might  be  obtained 
which  would  permit  comparison  with  other  sensory  actions. 

The  arrangement  of  the  apparatus  is  shown  in  tig.  1.  A  continuous 
electric  current  was  supplied  by  a  large  storage  battery,  A,  with  a  maxi- 
mum electromotive  force  of  110  volts.  Any  desired  fraction  of  this 
V(jltage  was  obtained  from  a  rheostat.  B,  and  the  current  was  conducted 
through  a  millivoitmeter  cailibrated  as  an  ammeter.  ('.  then  through  the 
metal  water-basin,  D,  into  the  arm  of  the  exjxrrinjenter,  E,  then  throu^di 
the  interrupting  disc,  V,  which  rendered  the  current  intermittent,  and 
finally  through  anrjther  controlling  rheostat,  G.  The  disc  wa*  that  used 
in  the  investigation  <»n  taste  which   has   been  referred   to   above;    and 


HH^Hi 


B 


t 
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Kio.  1.  —  Diagram  of  apparatu.s. 
A,  storai^  iMttcry  ;  B,  rhroMkt  ;  C,  ammeter  ;  D,  basin  ;  £,  arm  :  F,  IntcrrupUnf  dltr  :  G, 

its  speed,  and  therefore  the  duration  of  the  interrupted  pulses  of  current, 
was  measured  by  a  chrt)nograph. 

In  using  the  apparatus  a  small  metallic  electrode  one  centimetre  in 
tliameter  was  covered  with  l»lotting-paper  moistened  with  ordinary 
water  and  pre.s.sed  against  the  back  of  the  right  hand  near  the  wrist- 
joint.  The  hatid  was  immersed  in  water  in  the  metal  basin,  and  so 
completed  the  circuit.  The  water  was  at  a  temperatun'  of  about  23°  C. 
When  the  temperature  was  below  20°  ('.  there  did  not  ap{H-ar  to  be 
>ullicient  contrast  between  the  temperature  of  the  water  and  the  sensa- 
tion of  cold  evoked  bv  the  <  urrent  to  enable  accurate  me-asurements 
to  be  made. 

When  these  arrangements  were  completed  the  motor  was  brought 
to  its  maximum  sj)eed.  the  circuit  through  the  hand  was  closed,  and 
the  rheostat  adjusted  to  give  the  desired  current,  which  is  very  small. 
The  speed  of  the  motor  was  then  gradually  reduced  by  the  brake  until 
at  some  critical  value  a  sensation  of  cold  suddenly  ap|>eared  under  the 
small  electrode.  Tiie  chronograph  circuit  was  then  closed  and  the  speed 
of  the  motor  recorded.     The  measurements  were  re|>eated  at  intervals 
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for  as  many  different  current-strengths  as  the  physiological  conditions 
permitted.  The  sensation  of  cold  does  not  cover  the  whole  area  of  the 
skin  under  the  electrode  but  is  localised  at  one  point. 

The  readings  obtained  on  the  arm  are  given  in  Table  I.,  and  are 
shown  graphically  in  fig.  2.  The  abscissae  are  logarithms  of  the  current- 
strength,  and  the  ordinates  are  the  corresponding  values  of  the  duration 


TAB1.E  I. — Sensation  of  Cold.     Left  Wrist. 


Current  I. 

Log  I. 

D. 

Current  I. 

Log  I. 

D. 

Ampere. 

Sec. 

Ampere. 

Sec. 

A 

000272 

3-435 

0-00888 

G 

0-00227 

§•356 

0^00440 

00317 

•502 

-00755 

•00249 

•397 

•00413 

•00408 

•611 

•00590 

•00272 

•435 

•00382 

•00544 

•736 

•00413 

•00295 
•00499 

•469 
•698 

•00350 
•00178 

B 

0^00317 

3-502 

0^00563 

•00453 

•657 

•00390 

H 

0-00227 
-00340 

§•356 
•532 

0-00415 
•00275 

C 

0-00249 
-00317 

§•397 
•502 

0^00623 
•00513 

-00408 

•611 

•00213 

•00385 

•586 

•00425 

I 

0-00159 
•00227 

§•201 
•356 

0-00475 
•00343 

D 

0^00227 

§•356 

0^00588 

•00317 

•502 

•00245 

•00272 

•435 

•00515 

•00453 

•657 

•00135 

•00317 

•502 

•00456 

•00385 

•586 

•00373 

J 

0-00227 

§•356 

0^00288 

•00544 

•736 

•00225 

•00295 

•469 

•00238 

E 

0^00227 

3-356 

0-00520 

K 

0-00181 

§•259 

0-00300 

•00317 

•502 

•00380 

•00215 

•333 

•00275 

•00408 

•611 

•00285 

•00272 

•435 

•00225 

•00453 

•657 

•00268 

F 

0-00283 
•00317 
•00453 
•00521 

§•452 
•502 
•657 
•717 

0-00390 
•00360 
-00225 
-00188 

of  one  current  impulse  at  the  critical  frequency  of  interruption  at  which 
the  sensation  of  cold  appears.  The  figure  contains  eleven  graphs 
determined  by  various  small  numbers  of  measurements.  These  were 
obtained  on  different  days  and  doubtless  on  different  nerves.  Each 
graph  probably  represents  the  response  of  an  individual  nerve,  and  their 
relative  positions  indicate  that  the  receptors  for  cold  vary  distinctly  in 
sensitiveness  (5).  Probably  this  is  true  for  receptors  in  all  the  senses; 
but  in  most  cases,  as  for  example  in  vision,  the  stimuli  employed  excite 
simultaneously  a  considerable  number  of  receptors,  and  the  average 
result  is  constant  in  value. 
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Each  ^rajjh  consists  of  a  singk  -iiaight  line  witii  ii..  indication  of 
a  second  branch.  'I'licrc  is,  liowcvcr,  a  n(jticcaljk'  convergence  of  the 
graphs  towards  the  right;  that  is,  towards  the  higlier  values  of  the 
current -strength. 

A  similar  series  of  measurements  of  the  cold  sensation  was  made 
upon  tlic  right  leg,  tlie  electrode  heing  placed  some  distance  al>ove  the 
ankle.  A  wet  bandage  placed  just  above  the  ankle  was  in  thia  ca«e 
substituted  f<>r  the  lia»iii  as  the  second  electrode.     The  measurements 
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Fui.  2. — Colli  MMiBiktion.     Left  wrist. 


are  given  in  Table  If.,  and  are  shown  graphically  in  fig.  3.  The  .si-ven 
graphs  are  of  the  same  character  as  thosi-  for  the  arm;  but  while  the 
time-intervals  are  about  tiu-  same,  the  current -strengths  arc  only  about 
one-half  of  those  in  the  arm.  This  indicates  that  the  cold  receptors  in 
the  leg  are  probably  al)t»ut  twice  as  sensitive  as  tho.se  in  the  wrist.  This 
is  possibly  llu-  result  of  exposing  the  latter  and  covering  the  former 
with  clothing. 

In  the  figure,  two  of  the  graphs,  marked  D  and  E.  show  distinct 
secoml  branches  at  .sensitivities  lower  than  the  measurements  obtained 
on  the  receptors  in  the  arm.  Further,  it  seems  likely  that  the  two 
lowest  graphs.  F  aiul  G.  consist  of  lower  l)ranches  without  the  upper. 

We  may  conchuie.  therefore,  that  the  graph  representing  the  response 
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Table  II. — Sensation  of  Cold.     Right  Leg. 


Current  I. 

Log  I. 

D. 

Current  I. 

LogL 

D. 

AmiDere. 

Sec. 

Ampere. 

Sec. 

A 

0-00204 

3-310 

0-00323 

E 

0-00093 

4^968 

0-00313 

•00249 

•397 

•00238 

-00113 
-00136 

3-054 
•134 

-00215 
-00150 

B 

0-00091 

4^958 

0^00565 

-00159 

•201 

-00133 

•00113 

^•054 

•00485 

-00181 

•259 

•00125 

•00159 

•201 

•00350 

•00181 

•259 

•00300 

F 

0-00113 
-00125 

§•050 
•096 

0-00164 
•00145 

C 

0-00091 

^•958 

0-00518 

-00136 

•134 

•00120 

-00177 

3^248 

•00233 

-00153 

•185 

•00095 

•00181 

•259 

•00240 

G 

0-00091 

4^958 

0^00165 

D 

0-00091 

4^958 

0^00445 

-00113 

3-054 

•00138 

•00113 

^•054 

•00370 

•00118 

-072 

•00140 

•00136 

•134 

•00295 

•00198 

•298 

•00175 

•00204 

•310 

•00168 

•00227 

•356 

•00145 

0001 
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Fig.  3. — Cold  sensation.     Right  leg. 


of  each  receptor  for  the  cold  sensation,  when  stimulated  through  a  wide 
range  of  intensities,  consists  of  at  least  two  branches.  These  conform 
to  the  equation 

D=-A;logI+C, 
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wliicli  is  idintical  witlj  that  oljtained  in  t«>uch  where  the  pressure  of  the 
air  was  used  instead  of  the  ek-ttric  eurrent. 

It  is  noteworthy  tliat  the  values  of  the  duratic^n  of  the  tstimuluK  at 
the  critical  frequenty  of  interruption  are  of  the  Hanie  magnitude  an  thot^e 
obtained  in  the  experiments  on  t<jueh. 

It  may  be  remarked  tliat  no  sennation  of  warmth  wa«  evoked  by 
the  above  method  of  stimuhition.  However,  by  using  a  point  ek-ctrode, 
as  described  below,  this  sensation  was  elicitetl,  l)ut  it  was  never  distinct 
enough  in  otir  e.\[)eriiMetits  to  yield  measuremerits. 


'Ihk   PuKssiRE  Sense. 

By  varying  the  experimental  conditions  the  pressure  sense  could  also 
be  evoketl  by  the  same  method.  For  this  ])urpose  a  wet  l>andage  placed 
around  the  wrist  served  as  one  electrode,  and  one  linger,  the  second  on 
the  left  hand,  dippid  in  the  water  in  the  metal  basin  was  the  other. 
With  a  high-frequency  of  interruj)tion  of  the  current  no  sensation  was 
perceptible.  ()ii  decreasing  the  speed  of  the  motor,  however,  a  |Mjint 
was  reached  at  which  a  sensation  of  pressure  was  felt.  With  further 
decrease  in  speed  this  sensation  cea.sed,  but  still  further  decrease  caused 
the  .sensation  to  be  renewed.  These  phenomena  apjK'ar  to  corres|M»nd 
to  the  two  tactile  sensations,  the  superticial  and  the  deep-touch.  f<irmerly 
described  in  the  papers  to  which  reference  has  been  made.  The  motor 
was  incapable  of  giving  sulhciently  high  speeds  for  the  deep-touch 
sensation  to  l)e  obtained  with  all  current  intensities,  so  that  the  values 
given  in  Tal)le    Ml     arc    prol>ably  for  the  superticial   tactile  sen.sati(»n. 

Taule  111.     Sexsatioxs  ok  Paix  and  Pressure. 
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The  sensation  produced  feels  as  if  liie  immerseii  part  of  the  linger  were 
being  sqiiee/.ed  with  an  even  pressure  on  all  sides.  There  is  also  experi- 
enced at  the  same  time  a  tingling  sensation  similar  to  that  obtained 
when  the  ulnar  nerve  at  the  elbow  is  sharply  struck. 
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The  four  measurements  taken  are  plotted  in  the  graph  in  fig.  4, 
which  has  two  branches.  As  both  branches  are  determined  by  only- 
two  points,  it  is  not  proved  that  each  would  be  a  straight  line  if  more 
readings  had  been  obtained.  It  is  probable,  however,  that  the  branches 
are  straight  lines  like  those  found  in  other  sensory  actions.  The  graph 
conforms  to  the  same  equation  that  was  given  above,  but  the  values 
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Fig.  4. — Pressure  sensation. 
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of  the  time-intervals  are  much  smaller  than  those  obtained  by  the  use 
of  the  jet  of  air. 

The  Sensation  of  Pain. 

Sensations  of  pain  may  be  evoked  in  the  same  manner  as  cold.  On 
decreasing  the  speed  of  the  motor  the  cold  sensation  appears  first  at 
a  certain  critical  frequency  of  interruption  of  the  current,  and  with 
further  decrease  the  pain  sensation  is  produced.  It  is  evident,  there- 
fore, that  the  receptors  of  the  latter  sensation  are  not  quite  as  responsive 
to  intermittent  stimulation  as  those  of  the  former. 

For  the  sensation  of  pain  two  sets  of  readings  have  been  obtained, 
one  for  the  hand  and  the  other  for  the  leg.  A  wet  bandage  was  placed 
on  the  left  wrist  as  one  electrode,  and  the  second  finger  partly  immersed 
in  water  in  the  basin  was  the  second.  The  cuticle  was  pulled  away  from 
the  base  of  the  nail,  leaving  only  a  very  thin  layer  of  skin  covering  the 
flesh.  In  this  sensitive  area  a  superficial  pain  sensation  like  a  sting 
may  be  evoked  which  is  locaUsed  in  an  area  about  the  size  of  the  head 
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of  a  pin.     The  measui. m-  ni-  .u.    -i\.  n  m  Table  111.,  and  an-  ^hown 
graphically  in  fi^.  5,  A.      Tlu*  graph  poHseh.ses  two  distinet  hranohes. 

A  similar  set  of  readings  was  ohtaineil  (jn  the  fr«int  part  of  the  leg. 
The  electrode  was  j)ressed  against  the  skin  above  the  ankle  over  the 
shin-bone,  and  a  wet  bandage  lower  down  coniplet<Ml  the  electric  circuit. 
Two  pain  sensations  appear  to  exist,  one  at  the  surface  of  the  skin  and 
the  other  near  the  bone.     The  latter,  though  not  sharply  defined,  waM 
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Fio.  5. — Piiin  sensation. 
A,  Ix<ft  tuna.  B.  Right  Nr. 


extremely  painful,  as  if  one  had  received  a  blow  on  the  part  under  the 
electrode.  The  measurements  obtainetl  for  the  deeper  sensation  are 
also  given  in  Table  111.,  aiitl  are  shown  in  tig.  ."i.  H.  This  graph  al.to 
has  two  branches.  Both  graphs  also  conform  to  the  equation  which 
was  given  above.  The  relative  positions  of  the  two  graphs  in  the 
figure  show  clearly  that  tlu*  pain  sensation  in  the  finger  wa,s  elicited  by 
much  weaker  electric  stimulation  than  that  in  the  leg.  As.  however, 
the  finger  was  rendereil  specially  scn.sitive  and  the  leg  wa*;  in  its  normal 
condition,  the  measurements  do  not  indicate  the  relative  sensitivities 
of  the  two  sets  of  receptors. 
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Nerves  of  Unknown  Name. 

Certain  nerves  of  unknown  name  running  to  the  hand  near  the 
surface  of  the  skin  on  the  wrist  may  also  be  stimulated.  These  do  not 
give  rise  to  any  ordinary  sensation,  but  at  a  certain  critical  frequency 
of  stimulation  the  impression  is  given  that  they  have  started  to  vibrate 
under  the  skin.  A  series  of  measurements  was  obtained  for  this  pheno- 
menon, which  are  given  in  Table  III.,  and  are  shown  in  fig.  6.  The 
five  readings  lie  along  a  single  straight  line,  which  also  conforms  to  the 
equation  representing  the  graphs  already  discussed. 
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Fig.  6. — -Unknown  nerve. 
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By  using  a  fine  platinum  wire  in  a  drop  of  water  for  one  electrode, 
and  the  hand  immersed  in  the  water  in  the  basin  for  the  other,  individual 
points  of  all  kinds  may  be  examined  by  this  method  of  intermittent 
stimulation.  The  electrode  in  a  drop  of  water  around  each  hair  invari- 
ably evokes  a  pain  sensation  of  the  same  type  as  that  obtained  at  the 
base  of  the  nail.  Cold,  warm,  and  pressure  spots  may  also  be  found 
accompanied  by  most  decided  sensations.  The  first  time  pressure  was 
evoked  the  sensation  was  so  realistic  that  for  a  moment  it  seemed  as  if 
a  solid  object  was  being  forced  against  the  surface  of  the  skin.  Attempts 
to  obtain  series  of  measurements  with  this  method  were  unsuccessful, 
as  the  current  rapidly  destroyed  the  skin,  and  it  was  impossible  to 
maintain  it  long  enough  to  obtain  readings. 
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CONCLUSION'S. 

riif  giaj)lis  for  tin*  four  kinds  of  cutane<jus  KCiiKationx  dii^-UK>»ed 
above  are  all  of  the  sanie  ty|x?,  consiMtin^;  in  their  entirety  of  at  \e&st 
two  hranehes.  These  eorrespoiul  exaetly  to  the  first  and  M'cond  Ijranches 
of  the  graphs  obtained  for  thr  taetile  sfnisations  by  Allen  and  W'ein- 
BEUO  (3).  Probably  if  tlu*  measurements  could  hav<*  been  exti-nded 
over  greater  ranges  of  current-intensities  a  third  braneh  would  have 
l)een  found,  as  in  the  senst's  of  vision,  touch,  and  taste.  The  graphs  all 
conform  to  the  same  equation  found  for  the  seiujt*  of  touch: 

D=-il-log  1+C. 

The  order  of  magnitude  of  the  times  of  duration  of  the  stimidus  at 
the  critical  frequency  of  stimulation  is  also  the  same  for  all  the  sciina- 
tions  discussed  in  this  paper,  ami  for  touch.  \N'e  may  conclude,  there- 
fore, that  all  the  cutaneous  sensations  obey  the  same  fundamental  lawn. 
In  the  equations  to  the  graphs  the  constants  h  and  ('  have  different 
values  for  the  two,  or  more,  branches,  and  they  are  different  for  the 
ilitlerent  sensations.  The  negative  sign  for  k  indicates  that  the  duration 
of  the  stimulus  at  the  critical  frequency  of  stimulation  diuiiiiishes  as 
the  intensity  of  the  stimulus  increases. 

The  measurements  obtained  in  tiicsc  investigations,  as  far  as  we 
can  judge,  arc  the  normal  values  for  the  receptors  indicated.  X(i 
measurements  under  the  conditions  of  depression  and  enhancement  of 
sensitivity  seemed  possible,  as  there  was  no  certainty  that  the  same 
receptors  were  stimulated  on  different  cK-casions.  There  can  be  no 
doubt,  however,  that  both  processes  are  in  o{>eration  in  all  these  sensa- 
tions. The  interpretation  of  the  two-branched  graphs  most  probably 
rests  upon  the  functions  of  the  sensory  reflex  actions  involvetl.  In 
other  researches  on  the  sensations  of  vision,  touch,  and  taste,  exjx^ri- 
ment  justified  the  conclusion  that  in  each  sense  reflex  actions  of  two 
kinds  existed,  one  of  which  depressed  and  tlu'  «»ther  enhanced  the  sensi- 
tiveness of  the  receptors.  It  is  a  sudden  change  in  the  ratio  of  these 
two  processes  that  causes  a  corresponding  alteration  of  the  sensitivity 
of  the  receptors  and  thereby  of  the  slope  of  the  graph. 

In  the  sense  of  touch  it  was  found  that  stimulation  of  U*\\  intensities 
corresponding  tt)  the  uppermost  Itranth  of  the  graph  eliciteil  enhance- 
ment in  exeess  of  depression,  \\hile  higlur  intensities  of  stimulation 
caused  the  rcNcrsc.  Since  the  other  cutaneous  sensations  are  found  to 
conform  to  the  same  equation,  it  may  hv  inft-rred  that  the  results  of 
stimulation  will  also  be  similar.  Kxpcrience  under  pathological  con- 
ditions also  testifies  to  the  existence  of  enhancement  and  depression 
of  reccpttn-  sensitivity  in  the  senses  of  tem|>erature  and  pain. 
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This  investigation  is  one  of  a  series  of  researches  relating  to  colour- 
vision  and  other  sensory  actions  now  being  conducted  under  the  direction 
of  Professor  Frank  Allen,  with  the  financial  assistance  of  the  National 
Research  Council  of  Canada,  to  which  body  we  desire  to  express  our 
thanks. 
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